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Abstract
NuclearFusionisbecomingthemostpromisingwaytoachieveareli-
ableandsustainablesourceofenergyinthecomingfuturewithalow
environmentalimpact. Hundredsofmilionsdegreesarerequiredto
obtainthedesiredNuclearFusionreactionssoplasmamustbeconﬁned
usingstrongmagneticﬁelds.Undersuchlargetemperaturesplasmais
farawayfromequilibriumandhightemperaturegradients(andheat
ﬂuxes)appear.Forseveraldecades,heattransporthasbeenoneofthe
mainissuestoachievethegoalofaneﬃcientnuclearfusionreactor.
Highlossesyieldstoapoorconﬁnementandreducetheviabilityofa
reactor.Eventhough,heattransportisnotyetwelunderstoodand
stil muchworkisnecessary.
Inthisthesisheattransportinfusionplasmasisanalyzedinthe
frameworkofresistiveMHDsimulations.Todoso,weusetheTrans-
ferEntropy(TE)technique. Chapter2introducesthe MHDmodel
usedtosimulatefusionplasmasandtheTransferEntropyapproachis
describedinChapter3.
TheTEisatechnique,fromInformationtheoryﬁeld,whichmea-
surestheinformationpropagationbetweentwotimesignals.TheTE
canidentifyifpreviouseventsinonesignalcanbeusedtopredict
futureeventsinanothersignal.Itsmainadvantageisthatitshows
thedirectionofthatinformationﬂow.Inthissense,bycausalitywe
meanthatiftheinformationisﬂowingfromAtoBthenAcausesB.
Therefore,wemakeananalogybetweentheinformationpropagation
andheatpropagation.
Themostusedmethodstostudyheattransportinexperimental
fusionplasmasaretheperturbativemethods. Theyhavebeenused
duringdecadesinmostfusiondevices. Mostoftheexperimentsuse
externalheatingmodulationtodeterminetheplasmaresponseand,
inthisway,analyzeheattransport.
xi
xi ABSTRACT
Innumericalmodelsisrelativelyeasytointroduceaheatpertur-
bationintheplasmaandstudyitstimeevolution.Thatisnotthecase
inexperimentalplasmaswheretosetasinglepulsecanbenotfeasible
anditisnoteasytoidentifyitduetothebackgroundnoise. The
approachpresentedhere,basedontheTransferEntropy,ilustratesa
newtooltoanalyzeheattransport.
Inrecentexperiments[1],theERCHwasusedtoheatinnerloca-
tionsoftheplasmaandthenobservethespontaneousperturbations
generatedbytheheating.Theelectrontemperaturewasmeasuredat
diﬀerentradiallocationsduringthepresenceofspontaneouspertur-
bationsinthecore. ThentheTransferEntropywasappliedfroma
referencepointinthecoretothediﬀerentsignalsradialydistributed.
Inthisway,radialheatpropagationwasobservedusingTE.However
thispropagationwasneithercontinuousnordiﬀusiveandshowedtrap-
pingregionswhereperturbationsweresloweddown.Chapter4sums
upsomeoftheexperimentalobservationsandthenapplythesame
TransferEntropyapproachtonumericalsimulationsofTJ-IIplasmas.
Thenumericalmodelalowsustounderstandtheunderlyingphysics
andinterprettheexperimentalresults.Themodelisappliedtodiﬀer-
entcasesandsimilarconclusionsareobtained. Wecanidentifyaswel
regionsweretheperturbationsaremostlytrappedandotherregions
wereradialtransportisfaster. Thistrappingregionsaresuggesting
thepresenceof(mini)transportbarriers[2].
Thesamestudyofheattransportwasdoneinthe W7-X[3].In
spiteofthefactthatthe W7-Xdevicehasabetterperformanceand
manydiﬀerenceswiththeTJ-II,ithasacommoncharacteristicof
beingastelaratorwithlowmagneticshear. Duethelowshear,low
ordermodesmayextendinawiderradialregion. Thepresenceof
theserationalsurfacesmaygeneratetransportbarriers. Chapter5
introducessomeoftheexperimentalobservationsinRef.[3]andthen
ournumericalmodelisusedinordertointerprettheseexperiment
results.UsingtheTEapproachweobserve,again,regionswhereheat
perturbationsaretrappedorregionswithenhancedtransport.
InChapters4and5theheattransportisstudiedqualitatively.The
TransferEntropyalowstoidentifyradialregionsintheplasmawith
diﬀerentheattransport. However,inChapter6,weusetheTrans-
ferEntropytoquantitativelystudythatradialheattransport. The
techniqueisabletoestimateaneﬀectivediﬀusivityatdiﬀerentradial
locations.TheTEiscomparedwithotherapproachestodemonstrate
xii
itseﬀectiveness.
Chapter7describestheemergenceoftransportbarriersandtur-
bulentvortices. Resistiveinterchangeinstabilitiesyieldtoturbulent
vorticeswhichfolowthemagneticﬁeldlines.Therefore,thoseturbu-
lentvorticesmayhaveaﬁlamentarystructure.Thetotalcontribution
ofthediﬀerentturbulentvorticesandﬂuctuationsintheplasmamay
generateanaveragepoloidalﬂowwhichinturncanleadtothefor-
mationoftransportbarriers.
Theturbulentvortices,relatedtothetransportbarriers,shouldbe
foundasﬁlamentarystructuresintheplasma.InChapter8,thetopol-
ogyofﬁlamentarystructuresinTJ-IIisanalyzedusingtheTransfer
Entropytechnique.First,someoftheexperimentalresultsinTJ-II
aresummarizedandthenournumericalsimulationsareusedtoin-
terprettheseresults.Focusingontheelectrostaticpotentialwecan
observethatthereare(ﬁlamentary)structuresfolowingthemagnetic
ﬁeldlinesinradialsurfaces.BytheTEapproach,periodicity,length,
radialwidthandvelocityofﬁlamentscanbecalculated.Then,weﬁnd
thatwhereweobservedtrappingradialregions(Chapter4),thereare
ﬁlamentarystructures. Weassociatethepresenceoftheseﬁlaments
withthetransportbarriers.
Finaly,Chapter9reproducessomeofthestudiesfromtheprevious
chapterbutforthe W7-Xdevice. Usingournumericalsimulations,
someofthepropertiesoftheﬁlamentarystructuresarestudiedand
similarconclusionsareobtained. Thisworkmaybeusedinfuture
experimentstointerprettheresults.
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Resumen
LaFusi´onNuclearsehaconvertidoenelcamino m´asprometedor
paraalcanzarunafuentedeenerg´ıaﬁableysostenibleenunfuturo
pr´oximoconunbajoimpactomedioambiental.Cientosdemilonesde
gradossonnecesariosparaalcanzarlasdeseadasreaccionesdeFusi´on
Nuclearas´ıqueelplasmadebeserconﬁnadousandofuertescam-
posmagn´eticos.Conestasenormestemperaturaselplasmaest´alejos
delequilibrioygrandesgradientesdetemperatura(yﬂujosdecalor)
aparecen. Duranted´ecadaseltransportedecalorhasidounodelos
temasprincipalesenlab´usquedadeunreactordeFusi´onNucleareﬁ-
ciente. Elelevadon´umerodeperdidasconlevaaunareducci´ondel
conﬁnamientoyreducelaviabilidaddeunreactor.Aunas´ı,eltrans-
portedecalortodav´ıanoseentiendetotalmenteporlotantoqueda
muchotrabajopordelante.
Enestatesiseltransportedecalorenplasmasdefusi´onesanal-
izadoenelcontextodesimulacionesMHDresistivas.Paraelousamos
lat´ecnicaTransferenciadeEntrop´ıa(TE).ElCap´ıtulo2introduce
elmodeloMHDusadoparalasimulaci´ondeplasmasdefusi´onyel
Cap´ıtulo3describeelprocedimientodelaTransferenciadeEntrop´ıa.
LaTEesunat´ecnica,delcampodelaTeor´ıadelaInformaci´on,
lacualmidelapropagaci´ondeinformaci´onentredosse˜nales.LaTE
puedeidentiﬁcarsieventospasadosenunase˜nalpuedenserusados
parapredecireventosfuturosenlaotrase˜nal.Suprincipalventajaes
quemuestraladirecci´ondelﬂujodeinformaci´on.Enestesentido,por
causalidadnosreferimosaquesilainformaci´onest´aﬂuyendodeA
haciaBentoncesAcausaB.Deestamanerahacemosunaanalog´ıa
entrelapropagaci´ondeinformaci´onylapropagaci´ondecalor.
Losm´etodosm´asusadosenelestudiodeltransportedecaloren
plasmasexperimentalesdefusi´onsonlosm´etodosperturbativos.Es-
toshansidousadosduranted´ecadasenlamayor´ıadedispositivosde
xv
xvi RESUMEN
fusi´on. Muchosdeestosexperimentosusanuncalentamientoexterno
moduladoparadeterminarlarespuestadelplasmay,deestamanera,
analizareltransportedecalor.
Enmodelosnum´ericosesrelativamentef´acilintroducirunapertur-
baci´ondecalorenelplasmayestudiarsuevoluci´ontemporal.Noes
elcasoenplasmasexperimentalesdondelanzarun´unicopulsopuede
noserviableynoesf´acildeidentiﬁcardebidoalruidodefondo.La
estrategiapresentadaaqu´ı,basadaenlaTransferenciadeEntrop´ıa,
muestraunanuevaherramientaparaanalizareltransportedecalor.
Enrecientesexperimentos[1],elECRHfueutilizadoparacalentar
regionesinternasdelplasmaparaluegoobservarlasperturbaciones
espontaneasquesegenerabanduranteelcalentamiento.Semidi´ola
temperaturaelectr´onicaendiferentespuntosradialesdurantelapres-
enciadeperturbacionesespontaneaseneln´ucleo.Despu´eslaTrans-
ferenciadeEntrop´ıafueaplicadadesdeunpuntodereferenciaenel
nucleoalasdiferentesse˜nalesdistribuidasradialmente.Deestaman-
era,lapropagaci´onradialdecalorfueobservadausandolaTE.Sin
embargo,estapropagaci´onnoeracontinuanidifusivaymostraba
regionesdeatrapamientodondelasperturbacionessefrenaban. El
Cap´ıtulo4resumealgunosdelosresultadosexperimentalesobserva-
dosydespu´esaplicaelmismom´etododelaTransferenciadeEntrop´ıa
asimulacionesnum´ericasdeplasmasenelTJ-II.Elmodelonum´erico
nospermiteentenderlaf´ısicasubyacenteeinterpretarlosresultados
experimentales.Elmodeloesaplicadoadiferentescasosyseobtienen
conclusionessimilares. Podemosidentiﬁcartambi´enregionesdonde
lasperturbacionesmayormentesonatrapadasyotrasregionesdonde
eltransporteradialesm´asr´apido.Estasregionesdeatrapamientonos
sugierenlapresenciade(mini)barrerasdetransporte[2].
Elmismoestudiodetransportedecalorfuerealizadoenel W7-X
[3]. Apesardequeeldispositivo W7-Xtieneunmejorrendimiento
ymuchasdiferenciasconelTJ-II,tieneunacaracteristicacom´unal
serunstelaratorconunapeque˜nacizalamagn´etica. Debidoaesa
peque˜nacizala,modosdeordenbajopuedenextenderseradialmente.
Lapresenciadeestassuperﬁciesracionalespuedegenerarbarrerasde
transporte.ElCap´ıtulo5introducealgunasobservacionesexperimen-
talesdelaRef[3]yluegonuestromodelonum´ericoesusadopara
interpretaresosresultadosexperimentales.Usandoelm´etodoTEob-
servamos,otravez,regionesdondelasperturbacionesdecalorest´an
atrapadasoregionesconuntransportemayor.
xvi
EnlosCap´ıtulos4and5eltransportedecalorseestudiacualita-
tivamente.LaTransferenciadeEntrop´ıapermiteidentiﬁcarregiones
radialesenelplasmacondiferentetransportedecalor.Sinembargo,
enelCap´ıtulo6,usamoslaTransferenciadeEntrop´ıaparaestudiar
cuantitativamenteeltransporteradialdecalor.Lat´ecnicaescapaz
deestimarunadifusividadefectivaendiferentespuntosradiales.La
TEescomparadaconotrosm´etodosparademonstrarsuefectividad.
ElCap´ıtulo7describelaemergenciadebarrerasdetransporte
yv´orticesturbulentos.Lasinestabilidadesresistivasdeintercambio
danlugarav´orticesturbulentosloscualessiguenlasl´ıneasdecampo
magn´etico.Porconsiguiente,esosv´orticesturbulentospuedendesar-
rolarunaestructuraﬁlamentaria.Lacontribuci´ontotaldelosdifer-
entesv´orticesturbulentoseinestabilidadesenelplasmapuedegenerar
unﬂujopoloidalpromedioelcualpuededarlugaralaformaci´onde
barrerasdetransporte.
Losv´orticesturbulentos,relacionadosconlasbarrerasdetrans-
porte,debenpoderseencontrarcomoestructurasﬁlamentariasdentro
delplasma.EnelCap´ıtulo8latopolog´ıadelasestructurasﬁlamen-
tariasenelTJ-IIesanalizadausandolat´ecnicadelaTransferenciade
Entrop´ıa.Primero,algunosdelosresultadosexperimentalesenelTJ-
IIseresumen,despu´esusandonuestrassimulacionesnum´ericasinter-
pretamosesosresultados.Centr´andonosenelpotencialelectrost´atico
podemosobservarquehayestructuras(ﬁlamentarias)siguiendolas
l´ıneasdecampomagn´eticoensuperﬁciesradiales.Conelm´etodoTE,
laperiodicidad,longitud,anchoradialyvelocidaddelosﬁlamentosse
puedecalcular.Luegoencontramosquedondeseobservanlaszonas
radialesdeatrapamiento(Cap´ıtulo4)hayestructurasﬁlamentarias.
Asociamoslapresenciadeesosﬁlamentosconlasbarrerasdetrans-
porte.
Finalmente,elCap´ıtulo9reproducealgunosdelosestudiosdel
anteriorcap´ıtuloperoparaeldispositivoW7-X.Usandonuestrassim-
ulacionesnum´ericas,estudiamosalgunasdelaspropiedadesdelases-
tructurasﬁlamentariasyobtenemosconclusionessimilares.Estetra-
bajopuedeserusadoenfuturosexperimentosparainterpretarsus
resultados.
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Chapter1
Introduction
Humankindisliving,forthelastcentury,inaneraofanunprecedented
economicalexpansion[7].Clearly,alargeenergydemandisbounded
tothisbroadeconomicgrowthandincreaseinaverageincome.The
globalenergyconsumptionin1990wasabout1bilionGW,todayis
higherthan10bilionGW[8]. Makingapen,checkingyouremail,
ﬂyingfromMadridtoTokyoorcookapizza,alofthemrequiresome
amountofenergy. Humanshavebecomemoreandmoredependent
ofenergy,onesimplyhastothinkaboutpeoplereactionduringa
blackout.Forthousandofyearsenergywasnothingtoworryabout,
ifpeopleneededaﬁretocookorheatthehousetheyjustburntsome
logs.Butonceintheindustrialeraandwithafastgrowingpopulation
[9]energybecameanissue.Theproblemisnotjustﬁndaneﬃcient
sourceofenergybuttakecareofitssustainabilityandenvironmental
consequences.
FromXIXcenturyenergyproductionintheworldhasbeenbased
infossilfuels(coal,petroleumornaturalgas),itseﬃciency,priceand
easycombustionmadethemthepilaroftheindustrialera.However
inthelastyearstheirdisadvantageshavebeenmorevisible. Global
warming,duethegreenhouseeﬀect,isbecominganissue[10,11]and
mostgovernmentsaremakinganeﬀorttostopor,atleast,slowdown
theiremissions[12]. Ontheotherhand,combustionoffossilfuels
ispotentialydangerousforpeopleandevenresponsibleofnumerous
deathsinpolutedareas[13].Duethesedrawbacksmanybigcities,in
ordertoprotecttheircitizens,aremakingpoliciestoreduce(oreven
ban)thecombustioninprivatecarsorindustries[14].
Nuclearﬁssionasasourceofenergywasoriginatedin1950sand
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manydevelopedcountrieshaveestablishedseveralpowerplants.For
exampleelectricpowerinFranceis70%producedbyNuclearplants[15].
Thattechnologyalowsahighamountofpowerwithveryloweconomic
costs[16].Howeverthisenergyhasahigherenvironmentalcost,the
maindisadvantageishowtodealwiththenuclearwasteanditsas-
sociatedradioactivity.Havingahalf-liveoftheorderofthousandsof
years,uraniumbecomesanextremelydiﬃcultproblemtosolveinthe
longrun. Nottomentionthebadreputationofthisenergydueto
someunfortunateaccidentsasinChernobylandFukushima[17].
Inthelastdecades,renewableenergies(aswind,solarpanelsor
hydroelectric)haveshowntobeeﬃcient,economicalyviableanden-
vironmentalyfriendly.Thishasalowedagrowthinitsadoptionin
theelectricityproductionandmanypeopledemandalargerimplemen-
tationofthiskindofsourceofenergy.Forexample,40%ofelectricity
producedinSpainbyoriginatedbyrenewableenergiesin2016[18].
However,whatisnotobviousforthegeneralpublicisthata100%im-
plementationofrenewableenergyisnotviable.Beinganintermittent
sourceofenergymakesimpossibletosatisfytheenergydemandofa
countryinamid-term.
Inthisgoalforaneﬃcient,cleanandaﬀordableenergy,Nuclear
Fusionisplayinganimportantrole.Largeamountsofenergycanbe
producedinfusionreactionswherethemainadvantagesarethelack
ofgreenhousegasemissionsandthelowamountofwasteswithalow
half-life.NuclearFusionisnotyeteﬃcientforacommercialusebut
projectsasITERshoulddemonstrateinadecadeifthiskindofenergy
isviable.
1.1 NuclearFusion
DuringtheﬁrstdecadesoftheXXcenturynuclearphysicswasdevel-
opedandyieldedtothediscoveryofthefusionnuclearreactions.In
thatprocesstwolightnucleiarebringtogether,theyfuseandaheav-
iernuclei(ormore)isproducedalongalargeamountofenergy.The
energycomesfromthethemassdefectbetweenthetwolightnuclei
andthe“heavier”nucleus.Thereactionismoreeﬃcientforthelighter
elementsduetoalowerbindingenergy[19].Itisanaturalprocess
whichforexamplepowersoursunfusinghydrogen(andothers)nuclei.
TheeasiestfusionreactiontoachieveinexperimentsistheDeuterium
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Figure1.1:NuclearFusionreaction.
(D)andTritium(T)reaction(seeFig.1.1)becauseithasamaximum
ofcrosssection(probabilitytocolide)atthelowesttemperature[20].
Thesetwohydrogenisotopesfuseas
21H+31H→ 42He+n+17.6MeV (1.1)
sothefusionofdeuterium(21H)andtritium(31H)nucleigeneratesaHeliumnucleus(alphaparticle),aneutronand17.6MeVofenergy.
Thenuclearfusionreactionisaveryeﬃcientgenerationofenergy
intermsofenergyproducedbymassandtheequivalencewithfossil
fuelsis[20]
106tonnesofoil=0.14tonnesofdeuterium.
Deuteriumisarelativelyeasytoﬁndhydrogenisotopeandis
presentinthewaterintheEarth[21].HoweverTritiumismorecom-
plicatedtoobtainbecauseithasahalf-lifeof12.26yearssoitcannot
befoundinnatureandhastobegeneratedartiﬁcialy.Infuturefu-
sionreactors,asITER,thetritiumcanbebredusingLithiumandthe
neutronsfromthefusionreactioninthefolowingway
63Li+n→ 42He+31H+4.8MeV
73Li+n→ 42He+31H+n−2.5MeV. (1.2)
Thepresenceoflithiuminthefusionreactorshassomeadvantages,
theﬁrstisthetritiumbreedingwejustcommentedwhichatthesame
timereducethenumberofneutronsescapingfromthereactor. The
secondisthatlithiumisusedtodissipatethelargeamountsofenergy
producedinafuturereactor.
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OneofthemaindisadvantagesofNuclearFusion,apartfromthe
generationofneutrons,isthattheTritiumisradioactiveand,clearly,
dangerous. However,aswementioned,itshalf-lifeisshortandpos-
siblewastecouldbehandledinagenerationinthesamewayasthe
activatedcomponentsofthereactorduetotheneutrons.
InspiteoftheproblemsintheD-Treaction,itisthemorepromis-
ingfusionreactionandtheﬁrstgenerationofreactorswilusethis
fuel.TheextractionofTritiumistechnologicalyfeasibleandforex-
ampleITERwilusetheLithiummethod.Insecondgeneration(and
future)fusionreactorsthedesirablereactionswilbeD-D
21H+21H→ 32He+n+3.27MeV
21H+21H→ 31H+p+4.03MeV (1.3)
wherepisaproton.
Fusionreactions,ingeneral,donotoccurnaturalybecausethe
nucleirepeleachotherduetotheCoulombinteraction,soenergyis
neededtoovercomethatrepulsionandbringtogetherthenuclei.The
onlyknownnaturalfusionreactionistheobservedintheSunand
otherstars.Inthesesystemsthegravitationalforceislargeenoughto
jointhenucleiandproducefusionreactionsinthestarcore.Obviously
thatisnotpossibleinalaboratorysotwodiﬀerentapproacheshave
beenproposedasafeasiblewaytoreachcontrolednuclearfusion.
TheﬁrstapproachisMagneticConﬁnementNuclearFusion(MCNF)
whichistheonethisthesisisfocusedon(seeSec.1.2foradescription).
ThesecondoneistheInertialConﬁnementFusion(ICF)wherefusion
reactionsareobtainedbyacceleratingtheparticlesusingextremely
powerfullasers.Thelasersﬁretoasphericalpeletﬁledwiththefuel
andgenerateanimplosionwhichbringtogetherthenuclei.Thelargest
experimentsinICFaretheNationalIgnitionFacilityinLivermore,US
andtheLaserM´egajouleinBordeaux,France.
Thelargeamountofenergyneededinthe MCNForICFap-
proachesforfusionresultsinhighpressurevaluesinthefuel.Under
theseconditionsthefuelisintheplasmastate.Plasma,considered
asfourthstateofmatter,isagaswhichionsandelectronshavebeen
decoupled. Oneofthemainpropertiesrelevanthereisthatplasma
respondstoelectromagneticﬁelds.
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1.1.1 Energybalance
ThegoaloftheresearchinNuclearFusionistoobtainnetenergyfrom
theseprocesses.Inareactorweneedtointroducesomeamountof
energytobringtogetherthenucleiandalowfusionreactions.There-
fore,inthebreakeventheenergyobtainedbythereactionsshouldbe
atleastequaltotheinputenergytakingintoaccountthelosses.
Ingeneralthepowerbalanceofsourcesandsinksofenergyis
Pf+Ph=PB+Pk (1.4)
wherePfisthepowerobtainedfromfusionreactions,Phistheheating
(inputpower)andPBandPkaretheradiative(mainlybremsstrahlung)
andthermallossesrespectively. Howtoquantifyanddeterminethe
thermallossesinplasmaisoneofthemainproblemsinNuclearfusion,
heattransportisnotwelunderstoodasitwilbeshowninSec.1.3.
However,fusioncommunitydeﬁnesaconﬁnementtimeτEwhichrep-
resentsthelossesas
τE= 3nTPlosses (1.5)
wherePlossestakesintoaccounttheradiativeandthermallossesand
3nTistheinternalenergydensityofaplasmawithdensitynand
temperatureTusingtheEquipartitiontheorem[22].
Adesirablereactorinsteadystateshouldnoneedexternalheating
sothelossesarecoveredbytheenergyobtainedinthefusionreactions.
Wecalthatthiscondition ignitionso
Pf=PB+Pk. (1.6)
Thisrelationcanbeestimatedintermsofdensity,temperatureand
conﬁnementtime.Itgivesacriterionsuchasthetripleproductof
thesequantitieshastobelargerthancertainthresholdtohaveignition
so
nτET≥f(T). (1.7)
Thethresholdisafunctionoftemperatureanddependsonthecom-
ponentsoftheplasma.Forexample,inaD-Treactionwithatem-
peratureof15KeV(approximately170milionsdegrees)thecriterion
becomes[23]
nτET≥3×1021m−3KeVs (1.8)
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Theignitioncriterionhassomerelevantconsequencesinthede-
signofafusionreactor. Thetemperatureisoneoftheparameters
whichcannotbemodiﬁedinexcessbecausethecrosssectionforfu-
sionreactionsishighonlyinashorttemperaturerange. Thenthe
densitycanbeincreaseduptocertainvalueknowninMCNFdevices
asGreenwaldlimit[24]whereplasmaisunstableanddisruptionsmay
occur.Sotheonlyoptionistoimprovetheconﬁnementtime,thatis,
reducethepowerlosses.Oneeasywayistoincreasethereactorsize
whichincreasesasweltheτE,howeverasizeincrementinafusion
deviceimpliesariseincomplexityandcost.Anotherwayisimprov-
ingtheconﬁnementanalyzingheattransportandestablishingsome
conditionstoreducethattransport.
1.2 Magnetic Conﬁnement Nuclear Fu-
sion
FromalthepossiblemechanismstoreachNuclearFusionasasource
ofenergytheMagneticConﬁnementisthemostpromisingone.For
fusionreactionslargevaluesoftemperature(hundredsofmilions◦C)
needtobeachievedsothefuelbecomesplasma. Duetothelarge
temperatures,plasmamustbeconﬁnedandkeptawayfromthewals
ofthereactor.Sinceplasmaismadeofionizedparticlesitreactstoa
magneticﬁeld.Inthepresenceofthemagneticﬁeldtheparticlesfolow
ahelicaltrajectoryaroundthemagneticﬁeldline(seeleftﬁgurein
Fig.1.2)soparticlesarerotatingwithaparticularcyclotronfrequency
andLarmorradius[25].
Inarealsystemtheplasmamustbecontainedinaﬁnitespace.
Duetothe∇·B=0themagneticﬁeldlinesmustbeeitherinﬁniteor
ﬁnitebutclosingthemselves.Theplasmacanbetrappedinmagnetic
mirrorsorclosingtheﬁeldlinesinatoroidalgeometry.Firstcalcula-
tionsandexperimentsshowedthatmagneticmirrorshavemanymore
lossesthantoroidaldevicessoMCNFhasbeenfocusingintoroidalge-
ometries.Notaltheﬁeldlinesinatorusneedtobeclosedtoconﬁne
theparticles,thelinescanalsogoaroundthetorusinﬁnitelyﬁlinga
surfaceorvolume.
Studyingtheequilibriumandstabilityoftheplasmaleadstosome
restrictionsinthegeometryofthemagneticﬁeldinthetoroidalde-
vice.ThemagneticﬁeldBhasnotonlyacomponentinthetoroidal
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Figure1.2:(a)Chargedparticleinamagneticﬁeld.(b)Poloidal,
toroidalandtotalﬁeldinatoroidalgeometry.
directionBzbutanothercomponentinthepoloidaldirectionBθ.The
sumofbothcontributionsgeneratesahelicalmagneticﬁeld. Right
ﬁgureinFig.1.2showsaschematicofthemagneticﬁeldcomponents.
Themagneticﬁeldlineslieintoroidalsurfaceswhichidealyare
nestedsurfaces.Notethatnotalthemagneticﬁeldlinesinthetorus
areclosedbecausethevaluesoftoroidalandpoloidalﬁeldchangein
space.Eventhough,atcertainregionstheﬁeldlinesmayclose.The
rotationaltransformisdeﬁnedasaquantitythatmeasuresthenumber
ofpoloidalturnsbytoroidalturns
ι-=Num.poloidalturnsNum.toroidalturns. (1.9)
Atcertainsurfaces,wherethemagneticﬁeldlinescloseafterbeing
windedaroundthetorus,ι-isarationalnumbersotheyarecaled
rationalsurfaces.Forcertaindevices(Tokamaks)theinversequantity,
caledsafetyfactor,
q=1ι- (1.10)
isused.Itiscaledsafetyfactorbecauseifq>1atalpointsthe
plasmaisstabletointernalkinkinstabilities.
ThemostsuccessfuldevicessofararetheTokamakandthestel-
larator.InTokamaksthepoloidalmagneticﬁeldisgeneratedfrom
atoroidalcurrentintheplasma. Abriefdescriptionandsomeof
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Figure1.3:Tokamakschematic.Poloidalmagneticﬁeldisproduced
bythetoroidalcurrentgeneratedbytheinductionofthetransformer.
theirpropertiesisgiveninSec.1.2.1. Ontheotherside,instelara-
torstoroidalandpoloidalmagneticﬁeldsareproducedfromexternal
coils.AltheresultsofthisthesiscorrepondtotheTJ-IIand W7-X
stelarators,bothofthemaredescribedinSec.1.2.2andSec.1.2.3
respectively.
1.2.1 TheTokamak
AlthoughtheTokamakswasinventedafterthestelarator,itisnowa-
daysthemostpromisingconcepttoobtainenergyfromNuclearFu-
sion.TheTokamakwasproposedbytheUSSRinthelate50’sasa
diﬀerenttoroidalconﬁnementdevice,itgavemuchbetterconﬁnement
timevaluesthanotherdevicesatthattime.Forthatreasonduring
manyyearsresearchersputmucheﬀortonthisdeviceandthestel-
laratorconceptwassetasidebyalargepartofthefusioncommunity.
[26]
ThebasicdesignoftheTokamakissimple,thetoroidalmagnetic
ﬁeldisgeneratedbyexternalcoilsbutthepoloidalﬁeldisgenerated
byatoroidalcurrentintheplasma.Thecurrentisproducedusingthe
ideaofatransformerwheretheplasmaisthesecondarycoil.Thecon-
ceptoftheTokamakissketchedinFig.1.3.Furthermorethetoroidal
currentisusedaswelasaheatingsystemthroughtheOhmicheating.
OneadvantageoftheTokamakisthatitisanaxisymmetricdevice
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soapoloidalcrosssectionshouldbesimilarforanytoroidalangle.
Thusthesymmetrysimpliﬁesmanycalculationsasitcanbeconsidered
a2Dsystem.
However,theTokamakhasaswelsomedrawbacks. Themost
importantisduetothenatureofatransformeritself. Theelectro-
magneticinductionnecessaryinthetransformerisonlypossibleifthe
currentinthetransformerwindingisnotconstant.Thatmeansthat
thetoroidalcurrentgeneratedintheplasmacannotbecontinuous.
ThispulsedcurrentofTokamaksmakesnotpossibleasteadystate
operation.
Anotherdisadvantageisthepresenceofthetoroidalcurrent.Cur-
rentsintheplasmashouldbeavoidedbecausetheyareasourceof
instabilities[27].Furthermoretheseinstabilitiescanleadtodisrup-
tionswheremostoftheenergyoftheplasmaisreleasedabruptly[28].
ThelargestTokamakistheJointEuropeanTorus(JET)inCulham
(UK)builtinthebeginningofthe80’s[29].Itisstilinoperationand
wastheﬁrstonetoproduceenergyfromD-Treactions[30].
NowadaysthebiggestprojectinNuclearFusion,ITER,isbeing
builtinCadarache(France)inanalianceoftheworld’smostpowerful
countries.ITERisatokamakreactordesignedtoprovethefeasibility
ofNuclearFusionasanenergysource[31,32]. Atthemomentof
writingthisthesisITERconstructionismorethan50%completed
andﬁrstplasmasareexpectedaround2025.
1.2.2 TJ-II
TheStelaratorwasoneofthemainconceptstoachieveMCNF.The
ideawasﬁrstlypresentedbySpitzerinthe50’sanditconsistedina
toroidalgeometrywherethemagneticﬁeldsaregeneratedbyexternal
coils[33].However,atthesametimetheTokamakwasalsopresented
anditexhibitedabetterperformancewithhigherconﬁnementtimes,
theparticlelossesinthestelaratorweremuchhigher. Thereason
isthatthe3Dmagneticﬁeldnecessarytoaverageoutthedriftof
particlesneedstobepreciseenough.Inthelastdecadesadvances
innumericalcalculationandstelaratoroptimizationhavealowedthe
designofbettermagneticconﬁgurationswhichreduceslossestoan
acceptablelevel[6].
Stelatorsarestillessdevelopedthantokamakshowevertheyare
aswelapromisingdeviceforNuclearFusionreactions. Themain
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Figure1.4:3DmodeloftheTJ-IIstelarator.
advantageisthattheycanoperateinsteadystate.Furthermoreboth
toroidalandpoloidalmagneticﬁeldsaregeneratedandcontroledby
externalcoils.Idealytherearenocurrentsintheplasmasonocurrent
instabilitiesshouldappearneitherthepossibilityofdisruptions. On
theotherhand,thelackoftoroidalcurrentsdiscardsthepossibility
toheattheplasmawiththeOhmicheating.
Thelargeststelaratorintheworldisthe Wendelstein7-X(see
Sec.1.2.3)inGreifswald(Germany)whichstartedoperationin2015.
Thenumberofstelaratorscurrentlyinoperationislowbutother
relevantdevicesaretheLHDinJapanandtheTJ-IIinSpain.
TheTJ-II[34]isastelaratorbuiltatCiematinMadrid(Spain)
withtheﬁrstplasmalaunchedin1997. Thedevicewasdesignedin
colaborationwiththeOakRidgeNationalLaboratory(USA)and
theIPP(Germany). Figure1.4showsa3Drepresentationofthe
TJ-IIstelaratorwiththeexternalcoils(blueandorange)andplasma
(purple).Thestructureofthecoilsisdescribedasfolows.Onecentral
coilwhichalongitasetof32toroidalcoilsisdistributed,theaxisofthe
toroidalcoilsdescribingahelix. Thenahelicoidalwinding(orange)
iswrappedaroundthecentralcoil. Finalyasetofvertical,radial
andohmiccoilsareusedtocontrolthepositionofthemagneticaxis
andcompensateanynotdesirablemagneticﬁeld.Table1.1showsthe
basiccharacteristicsofTJ-IIplasmas.
OneoftheadvantagesoftheTJ-IIstelaratoristhatthecurrentsin
thecoilscanbeadjustedalowingalargemodiﬁcationoftherotational
transformι-. Therangeofι-valuesintheaxesgoesfrom0.9to2.6.
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MajorradiusR 1.5m
Minorradiusa 0.1∼0.25m
ElectrontemperatureTe 0.3∼1KeV
Electrondensityne ∼1019m−3
MagneticﬁeldB 1T
Plasmapressureβ0 ∼10−3
Table1.1:BasicpropertiesofTJ-IIplasmas.
Themagneticshear(theradialvariationofι-)canbeaswel modiﬁed.
ThereforetheTJ-IIisausefultooltostudytransportandstability
comparingdiﬀerentmagneticconﬁgurations.
TherearetwoheatingsystemsinstaledintheTJ-II.Oneisthe
ElectronCyclotronResonanceHeating(ECRH)forwhichhighfre-
quencywavesarelaunchedtotheplasmaandthenelectronsareheated
throughresonance.TheothermethodistheNeutralBeamInjection
(NBI)whereabeamofneutralparticlesisﬁredintotheplasma,the
neutralscolidewithotherparticlesintheplasmaandtransferthem
energy.
Diagnostics
TheTJ-IIisanexperimentaldevicesoalargenumberofdiagnostics
areusedtostudythediﬀerentdischarges.Inthiswork,wecompare
ournumericalsimulationswithsomeexperimentalresults.Theresults
weareinterestedinarebasicalyobtainedbytwodiﬀerentdiagnostics:
theECEandLangmuirprobes.
TheElectronCyclotronEmission(ECE) measurestheelectron
temperatureatdiﬀerentradiallocations. Itdetectsthecyclotron
emissionoftheelectronsandtheintensityofthisemissiondepends
onthetemperature. Moreovertheradialpositioncanbeextractedif
themagneticﬁeldisknownbecausethecyclotronfrequencydepends
onthatmagneticﬁeld[35].InTJ-IIthereare12ECEchannelswhich
alowthemeasurementofelectrontemperatureatdiﬀerentradius[36].
TheotherimportantdiagnosticrelevanttothisworkaretheLang-
muirprobes.Ingeneralnodirectmeasurementsarepossibleinfusion
devicesbecausetemperaturesareextremelyhighandthediagnostics
couldbedamagedandtheplasmacontaminated.HowevertheLang-
muirprobescanmeasuretheionsaturationcurrentandtheﬂoating
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Figure1.5:Schematicofthe W7-Xcoilsandplasma.Picturetaken
fromRef.[6]underaCreativeCommonsCC-BYlicense.
potentialattheedgeofthestelarator[37].Theprobescanmovevery
fastandhaveseveralpinswhichcanmeasurethementionedquantities.
1.2.3 W7-X
The Wendelstein7-X(W7-X)isthelargeststelaratorintheworld.
Itislocatedatthe Max-PlanckInstitutf¨urPlasmaphysik(IPP)in
Greifswald(Germany)andstartedoperationinDecember2015.The
designwasbasedontheoptimizationofneoclassicaltransportand
MHDstability[38]. Figure1.5showsaschematicofthe W7-Xex-
periment. Althesuperconductingcoilscontributetothemagnetic
conﬁguration,thegreycoilsarethenon-planar,thebrowncoilsare
theplanarandtheyelowonesarethetrimcoils.Table1.2summa-
rizesthebasicpropertiesofplasmasintheﬁrstcampaign(knownas
OP1.1)in W7-X[39].
PlasmaisheatedusingtheECRHprovidingaheatingpowerup
to10MWand,inthefuture,aNBIheatingsystemwilbeusedin
MajorradiusR 5.5m
Minorradiusa ∼0.49m
ElectrontemperatureTe 5∼6KeV
Electrondensityne 1∼2·1019m−3
MagneticﬁeldB 2.5T
Table1.2:Basicpropertiesof W7-Xplasmasintheﬁrstcampaigns
[39].
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thecomingcampaigns.BeforetheOP2campaignadivertorwilbe
instaled.TheW7-Xdeviceincludesalsoalargenumberofdiagnostics
andtheECEandLangmuirprobes(theonesweareinterested)are
present.
1.3 TransportinFusiondevices
Onecouldthinkthat,inaMagneticConﬁnementFusiondevice,re-
strictingtheparticlemovementusingamagneticﬁeldshouldbeenough
tokeeptheplasmaconﬁned,sotheparticlesshouldbetravelingalong
theﬁeldlineandifthelinesaretangenttoasurfacetheseparti-
clesshouldbetrappedwithminimallosses.However,thatisnotthe
case,duringdecadesexperimentshaveshownthattransportinfusion
devicesisaveryimportantissue.Strongtransportreducesconsider-
ablytheconﬁnementtimeandhencetheviabilityofafusionreactor.
Nowadaystransportisnotwelunderstoodyetanditisstilanalyzed
bythefusioncommunity.
Therearethreeconceptsintransporttheoryinfusionplasmas:
•Classicaltransport.Thechargedparticlesaremovingalongthe
magneticﬁeldlines,howeverduetotheCoulombinteraction
theycancolidewithotherparticles. After manycolisions,
stochasticaly,theparticleswildisplacetooutwardpositions
untiltheyescapefromthedevice.
•Neoclassicaltransport. Astheparticlesaremovingalongthe
magneticfusiondevicetheyfeeladrift.Thereareseveralreasons
asforexamplethepresenceofanelectricﬁeldorthecurvature
orgradientofthemagneticﬁeld.
•Turbulenttransport. Formanyyearsexperimentshaveshown
thattransportismuchhigherthanNeoclassicalpredictions,this
phenomenawasﬁrstcaledanomaloustransport.Thereasonis
thecolectivephenomenaofthechargedparticles.Pressureor
currentgradientsintheplasmacanbethesourceofinstabilities
thatenhancetransport.
Turbulencehasbeenobservedasthemainelementintransportin
mostoffusionplasmas,experimentalvaluesshowconﬁnementtimes
uptotwoorderofmagnitudelowerthanNeoclassicalpredictions[40].
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Thistransportis“faster”andcannotbeexplainedbydiﬀusive(clas-
sical)theories.Superdiﬀusivetransportwasexperimentalyobserved
indiﬀerentfusiondevices[41].Diﬀerenttheorieshavebeenproposed
forseveralyearstotrytounderstandturbulenttransportinfusion
plasmas.Someofthemweremoretraditional(likeinphysicsofﬂu-
ids)asthecalculationofeﬀectivediﬀusivitieswhichthenareintro-
ducedinadvective-diﬀusionequations.Otherswerenovelapproaches
astheSelf-OrganizedCriticality(SOC)paradigmwhichexplainsqual-
itativelysomeoftheobservationsinturbulenttransport.InSOC
systemstransportisgeneratedbyavalancheswhicharetriggeredby
ﬂuctuations[42].SOCexhibitssomeofthecharacteristicsinfusion
plasmasastheBohmscaling(transportscaleswithsystemsize),pro-
ﬁlestiﬀnessorsuperdiﬀusivetransport[43,44].
Turbulenttransportinvolvesmanydrawbacksinfusionplasmas
apartfromthesuperdiﬀusivetransport.Itissuggestedtobeoneof
thecausesofpowerdegradation[45].Itmeansthattheamountofen-
ergyconﬁnedintheplasmaincreaseslessthanlinearlywiththeheat-
ingpowersotheenergyconﬁnementtimeτE∝Pαwhereα∼−0.6.
FurthermoretheobservationoftheBohmscalingisanotherissuere-
latedwithturbulenttransport. Thatexperimentalscalingshowed
thattheconﬁnementtimewasproportionaltotheminorradiusτE∝a
whichimpliedthatforthedesiredconﬁnementtimesthefusionreactor
shouldbemuchlarger(andnoteconomicalyviable).Thatproblem
waspartialysolvedbytheintroductionoftransportbarriers.
1.3.1 Transportbarriers
TheobservationoftheBohmscalingwasaseriourconcernforthe
fusionprograminthe70’s.Itimpliedalowconﬁnementtimewhich
scaledwiththesizeofthedevice,sothisconﬁnementregimewas
caledL-mode.Fortunatelyintheearly80’sanew(high)conﬁnement
regime,caledH-mode,wasdiscoveredﬁrstinASDEX[46]andthenin
otherrelevantTokamaks.TheH-modewasobtainedwhentheinput
powersurpassedathreshold(andawalconditioning)andyieldedto
uptotwicevaluesofconﬁnementtime.
Figure1.6.(a)ilustratesqualitativelythediﬀerentpressureproﬁles
intheL-modeandH-modein MCNFdevices. TheH-modeshows
higherpressurevalueshoweverthegradientisidenticaltotheL-mode
intheinnerregions. WecanreachthesehighvaluesintheH-mode
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Figure1.6:(a)PressureproﬁlesforLowandHighconﬁnementmodes.
(b)Transportbarrier.
duetothegenerationofatransportbarrierattheedgewhichre-
ducesconsiderablytheturbulenttransportinthecore.Thephysical
mechanismofatransportbarrierconsistsinaspatialregionwhere
theplasmavelocitychangesradialy.Thatradialshearofthevelocity
producesthetransportbarrier. Anexampleofshearintheﬂowis
showninFig.1.6.(b). Tworadialregions(topandbottom)inthe
plasmaarerotatingatdiﬀerentvelocitiesandthemiddleregionisa
transitionareawherevelocityischangingsoaradialshearoftheve-
locityappears. Thisshearregionworksasabarrierandsuppresses
turbulencesotransportbecomesdiﬀusive[47,48].
IntheH-mode,atransportbarrierispresentattheedgewherethe
plasmarotatesatdiﬀerentvelocities. Therotationiscausedbythe
presenceofaradialelectricﬁeldattheedgewhichgeneratesanE×B
ﬂowinthepoloidaldirection. Moreoverinthelastdecades,usingthe
samemechanism,thegenerationofInternalTransportBarriers(ITB)
havebeenobservedandithasbeensuggestedasamethodtoreduce
turbulenttransportinfusionplasmas.
ThepresenceofatransportbarrierattheedgeintheH-modeal-
lowshigherpressurevaluesandsuppressesturbulenttransport.How-
everitimpliestheformationofasteepgradientattheedgewhich
yieldstotheEdge-Localized-Modes(ELMs).TheELMsareakindof
instabilitythatejectslargeamountsofenergyandparticlestothewal
[49]. Theyareaseriousissueinlargetokamaks(asITER)because
16 CHAPTER1.INTRODUCTION
thewalcomponentscanbedamaged.
1.3.2 Perturbative methods
Asimpleideatoanalyzeturbulenttransportinastationaryﬂuidis
tofolowtheparticlemovement.Forexample,onecanthrowaleaf
totheriverandfolowtheleaftrajectoryovertime. Thiswaywe
couldidentifyregionswheretheleafmovesfasterorthelocationof
eddieswheretheleafcouldbetrapped.Analogouslythatishowthe
perturbativemethodsworkinafusionplasma.Aperturbationisset
atsomelocationanditstimeevolutionisanalyzed.
Perturbativemethodsareoneofthemostusedmethodstostudy
heattransportinexperimentalfusionplasmas.Theyhavebeenused
inseveraldevicesasforexampleToreSupra[50],DII-D[51],ASDEX
Upgrade[52],JET[53]and W7-AS[54].Theideaofthesemethods
istointroduceone(orasetofintermittent)heatperturbationinthe
plasmaandthenanalyzetheplasmaresponseandthetimeevolution
oftheperturbations[55,56,57].
Measuringtransportinaturbulentﬂuidiscomplicatedbutitis
evenmorediﬃcultinfusionplasmasduetheextremetemperatures
inthecorewhichmakesimpossibledirectmeasurementintheinner
regions.Althemeasurementsarefromelectromagneticemissionsor
usingprobesattheedgeregionswheretemperaturesarelower.
1.4 Theaimofthiswork
InthisthesisweproposeanapproachbasedontheTransferEntropy
(TE)techniquetostudyheattransportinturbulentplasmasinMCNF
devices. Weapplythetechniquetonumericalresultsofaresistive
MHDmodel(Chapter2)whichsimulatestheplasmaconditioninthe
stelaratorsTJ-II(Chapter4)and W7-X(Chapter5).Theaimisto
validateandinterprettheexperimentalresultswithoursimulations.
Chapter3isdedicatedtothedescriptionoftheTransferEntropy.
Thetechniqueisnewinplasmaphysicsandthereadermaynotbe
familiarwiththeTEsothechapterintroducesitfromtheﬁeldof
informationtheory. Thensomeexamplesareprovidedinorderto
understandthesetoolandshowtheiradvantages.
Duringthisworkweobservethatheattransportismodiﬁedbythe
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presenceoftransportbarriersatdiﬀerentradialregions. Wesuggest
thatthesetransportbarriersarecausedbytheradialshearinthe
perpendicularﬂow. Chapter7analyzehowtheperpendicularﬂow
isgeneratedintheplasma. Theﬂowisproducedbytheturbulent
vorticesduetheresistiveinterchangeplasmainstabilities.
TheTransferEntropyisusedtoidentifyandcharacterizeﬁlamen-
tarystructuresintheplasma(inthiscasetheturbulentvortices).In
Chapter8theTEisappliedtoournumericalsimulationstocom-
pareaninterpretthephysicsunderlyingtheexperimentalresultsin
TJ-II.Similarly,inChapter9,theTEisusedasweltostudyand
characterizeﬁlamentarystructuresinsimulationsof W7-Xplasmas.
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Chapter2
Modelequations
InthisChapterwedescribethemodelusedtosimulatefusionplas-
masinTJ-IIandW7-Xstelaratorsinthenextchapters.Themodelis
basedontheMagnetoHydrodynamic(MHD)theory,inourstudiesthe
resistiveinterchangemodesarethemostdominantinstability.Itisnot
theaimofourmodeltofulydescribeplasmasinrealstelaratorsbut
toprovidea(relativelyeasy)modelwherethebasicplasmaphysicsis
present. Themodelhastobeseenasatooltosimulatethefunda-
mentalphysicsinthementionedstelaratorsandextractqualitatively
someoftheirmainproperties.
FirstweintroducetheMHDtheorywhichdescribes(undersome
assumptions)plasmaphysicsinfusiondevices.Thenthemaininsta-
bilitieswhichcanoccurinplasmasaredeﬁnedwithemphasisinthe
relevantinstabilityinourstudies,theinterchangemodes.Theequa-
tionswhichgovernourplasmasimulationsareexplainedindiﬀerent
sections.Finalythenumericalcodeusedtosimulatethetheoretical
model,FAR,ispresentedindicatingthemaincharacteristics.
AsummaryofthemodelequationsisgiveninSec.2.3.5.
2.1 MagnetoHydroDynamics
Thekinetictheorydescribeshowtheparticlesinteractwiththeelec-
tromagneticﬁelds.Theparticlesarerepresentedbytheirdistribution
functionsfα(r,u,t)(αindicateseachspecies)andaregovernedby
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theBoltzmannequation[25]
∂fα
∂t+u·∇fα+
qα
mα(E+u×B)
∂fα
∂u=
∂fα
∂t C (2.1)
wheretheﬁrsttwotermsontheleftsidearetheconvectivederiva-
tive,thethirdtermincludestheelectromagneticforcesandtheright
handsiderepresentsthecolisions.SowithEq.2.1andtheMaxwel’s
equationsshouldbeenoughtostudytheplasma.
InspiteoftheapparentsimplicityofEq.2.1,itcanbeanarduous
worktosolveitfromthecomputationalpointofview. Thekinetic
theoryilustratesindetailthemicroscopicdynamics,howeverforthe
globalbehavioroftheplasmaasimplermodelbasedonmacroscopic
quantitiesshouldbeenough. The MagnetoHydroDynamic(MHD)
modelhasbeenusedfordecadestostudyplasmaphysicsinfusion
devices.Themodelcharacterizestheplasmaasaﬂuidandthisﬂuid
assumptioniscorrectifparticlecolisionsarehighenough.
Thereforeasetofmacroscopicvariablesisdeﬁnedas
nα≡ fαdu (2.2)
vα≡ 1nα ufαdu (2.3)
pα≡13mα |vα−u|
2fαdu (2.4)
Tα≡pαnα (2.5)
wherenαisthedensity,vαisthevelocity,pαisthepressureandTα
isthetemperature.ThechargedensityσandcurrentJare
σ=
α
qα fαdu (2.6)
J=
α
qα ufαdu. (2.7)
ThemainassumptionsforthederivationoftheMHDmodelare:
•Highcolisionalitytoconsiderplasmaasaﬂuid.
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•Quasineutrality.Animmediateelectricﬁeldappearstokeepthis
quasineutralityifthereisamacroscopicseparationofcharges.
ni=ne
•Massﬂuidismainlyduetoions.
•Displacementcurrentiszero. Wavesintheplasmaaremuch
slowerthanspeedoflight.
•Fluidvelocityisapproximatelytheionvelocityv=vi.
•Pressureisthesumofpressurefrombothspeciesp=pi+pe.
•PlasmacurrentisJ=en(vi−ve).
•SmalionLarmorradius.
Aftersomecalculations[27],oneobtainsthesetofMHDequations
∂ρ
∂t+∇·ρv=0 (2.8)
ρdvdt=J×B−∇p (2.9)
d
dt
p
ργ=0 (2.10)
E+v×B=ηJ (2.11)
∇×B=µ0J (2.12)
whicharetheequationofmassconservation,momentumbalanceequa-
tion,energyequation,Ohm’slawandAmp`ere’slawrespectively.The
convectivederivativescanbewrittenas
d
dt=
∂
∂t+v·∇. (2.13)
InFusionplasmasthehighcolisionalityassumptionisnotcom-
pletelyfulﬁled,howeverthepresenceofastrongmagneticﬁeldis
enoughtokeeptheparticlesasaﬂuidatleastintheperpendicular
direction.
TheresistivityηinEq.2.11is,ingeneral,smalinfusionplasmas
and,asaﬁrstapproximation,itcanbeconsideredaszerosothemodel
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iscaledidealMHD.Ithasanimportanceconsequence,iftheresis-
tivityiszerothenthemagneticﬂuxisconserved. Thisimpliesthat
themagneticﬁeldlinesare“frozen”intheplasmasoiftheplasma
movestheﬁeldlinesmoveswithit. Ontheotherhand,evenifitis
verysmal,thepresenceofresistivitywilalowthediﬀusionofﬁeld
lineswithintheplasma. Thisdiﬀusionmayleadtomorefavorable
energeticstatesandtoareconnectionofﬁeldlines. Magneticrecon-
nectionchangesthetopologyofthemagneticﬁeld. Disruptionsand
thesawtoothrelaxationinTokamaksareexplainedthroughmagnetic
reconnection[58].
2.2 Plasmastability
TheMHDmodelinSec.2.1isusedtoﬁndﬁrstastaticequilibriumin
steadystateplasmassod/dt=0.Animportantconsequenceisthat
inequilibrium
J×B=∇p (2.14)
whichisabalancebetweenLorentzforceandpressuregradients.Itim-
pliesthatJandBareperpendicularto∇psocurrentandmagnetic
ﬁeldlieonconstantpressuresurfacessocaledﬂuxsurfaces. Fur-
thermorethestudyofMHDequilibriumwithexternalﬁeldssetthe
possiblemagneticconﬁnementdevicestoreachasteadystateplasma.
Oncetheplasmaisinequilibriumitsstabilityshouldbeanalyzed
becauseifaﬂuctuationorforceappearsintheplasmaitisimportant
toknowifthisperturbationwilincreaseordecrease.Iftheforcesin-
ducedbytheperturbationmakeitgrowthentheplasmaisunstable.
Ontheotherhandiftheforcesgeneratedbytheperturbationtendto
restoretheplasmatotheequilibriumstatethentheplasmaisstable.
Stabilityiscrucialinthedesignandoperationofafusiondevicebe-
causestabilitiesmayreduceplasmaconﬁnementorevendamagethe
device.
Therearetwosourcesofinstabilitiesinplasmas,oneistheparalel
currentandtheotheristhepressuregradient.Sotopreventinstabil-
itiesweshouldavoidtoroidalcurrentsandstrongpressuregradients.
However,thatiscomplicatedbecauseinrealdevicesweneedatoroidal
currenttooperateaTokamakand,inalthedeviceshighpressureval-
ues(sostronggradients)inthecorearerequiredtohaveaviablefusion
reactor.Therefore,astheseinstabilitiesarenoteasytoavoid,plasma
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stabilityhastobeanalyzedindetailtosettherightparametersto
minimizetheconsequencesoftheseinstabilities.
Thecurrent-driveninstabilitiesaretheoneswhichsourceisthe
paralelcurrentJ.Theseinstabilitiesarenotrelevantinstelarators
duethelackoftoroidalcurrent,howevertheyareimportantforex-
ampleintokamaks.SoaswearesimulatingplasmasintheW7-Xand
TJ-IIstelarator,wearefocusinginthepressure-driveninstabilities.
2.2.1 Pressure-driveninstabilities
Pressure-driveninstabilitiesarecausedbypressuregradientsincon-
ﬁnedplasmas.Theseinstabilitiescanexistevenifthereisnoparalel
current. Traditionalytheyaredividedintwosubcategories:inter-
changemodesandbalooningmodes.
Interchange modes
UsualyinterchangemodesarecomparedwiththeRayleigh-Taylorin-
stabilitywhichisobservedwhenamoredenseﬂuidisabovealessdense
one. Howeverfortheinterchangeinstability,theroleofthegravity
isplayedbythecurvatureofthemagneticﬁeld.Soaperturbation
“interchanges”twoﬂuidtubesatdiﬀerentradiallocations.
Theseinstabilitiesarenearlyconstantalongamagneticﬁeldline
anditsshortperpendicularwavelengthmakesthemtobelocalizedin
radius.Furthermoretheyarelocalizedinthemainrationalsurfaces.
Theybecomeunstableiftheaveragemagneticcurvatureisunfavor-
ablesothemagneticconﬁgurationsmustbechosenproperlytoavoid
theseinstabilities. ConditionsforstabilityaregivenbytheMercier
criterionwhichcorrespondstothelimitwhenthewidthofthemode
tendstozero.Shearinthemagneticﬁeldcontributestostabilizethe
interchangemodebecauseitimpliesalinebendingtointerchangetwo
ﬂuxtubesandthatbendingisastabilizingeﬀect(itconsumesenergy).
InterchangemodesarenotimportantinTokamaksbecausetheav-
eragemagneticcurvatureisfavorable. However,instelarators,for
certainmagneticconﬁgurationstheaveragecurvaturemaybeunfa-
vorable.
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Balooning modes
Balooningmodesarealsopressure-driveninstabilities. Magneticﬁeld
linesaroundthetoroidaldevicevarybetweenfavorableandunfavor-
ablecurvature.Thisperturbationislocatedintheunfavorableregions.
Sothesemodescanbeunstableeveniftheaveragemagneticcurvature
isfavorable.
Thisinstabilitydeterminesamaximumvalueforβinthedevices.
BalooningmodesareimportantforTokamaksandstelarators
2.3 Reduced MHD model
InthisthesiswesimulateplasmasintheTJ-II(and W7-X)device
andthenweanalyzethenumericalresultswithdiﬀerenttechniques.
Mostofourresultsarequalitativesothereisnoneedtousemore
precisemodels,hereweareinterestedintheessentialphysicsinthese
plasmas.Thereforethismodelhastobeseenasatooltoobtainthe
maincharacteristicobservedinthosefusiondevices.
IntheTJ-IIthemostdominantinstabilitiesaretheinterchange
modeswhicharecharacterizedbytheirﬂute-likepattern. Theybe-
comeunstablewhentheaveragemagneticcurvatureisunfavorable.
Reduced MHDequationsareusedhereintheGreeneandJohnson
formalism[59]andastraighthelicalsystemisassumedwithinacylin-
dricalgeometry.TheaimofthereducedMHDequationsistodescribe
thefundamentalphysicswiththeminimumnumberofvariables[60],
thiswaythemodelismoremanageablethantheMHDtheory.
Aninitial(simpliﬁed)versionofthismodelwaspresentedinRef.[61]
wheretheresistivepressure-driveninstabilitieswereanalyzedanalyt-
icalyandnumericaly.InRef.[62]thediamagneticeﬀectswerein-
troducedandtheplasmarotationwasstudied.Then,inRef.[63]the
equationsofdensityandelectrontemperatureweresetinorderto
analyzeTJ-IIplasmas. Thelatterreferenceusesexactlythemodel
describedinthissection.
Wenowdescribetheapproximationsusedinthismodelandhow
theequationsareobtained.
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2.3.1 Fluteperturbations
Imagineanarbitraryperturbationofsomevariablex(r,t)inatoroidaly
conﬁnedplasma.ThegeometryofthesystemsalowstheFourierde-
composition
x(r,θ,ζ,t)=
m,n
xm,n(r,θ,ζ,t)exp[i(mθ−nζ)] (2.15)
where(r,θ,ζ)areﬂuxcoordinates.Anyperturbationwilinvolvesev-
eralcomponentsduethetoroidicityandthenonlinearcoupling,how-
everinalinearandcylindricalsystemonemodecouldrepresentthe
perturbation.Inspiteofthecoupling,theperturbationusualyis
dominatedbyasingleharmonicwithawavevector
k=m∇θ−n∇ζ (2.16)
wheretheintegersmandnarethepoloidalandtoroidalmodenumbers
respectively. Theratiom/nidentiﬁesthehelicityoftheharmonic.
Notethatthehelicityofthemagneticﬁeldlinesintheplasmacanbe
characterizedbythesafetyfactorqwhichinﬂuxcoordinatesis
B·∇θ
B·∇ζ=
1
q(r). (2.17)
Wedeﬁneaunitvector balignedwiththemagneticﬁeldBas
b=BB. (2.18)
InFusionplasmas,themostdangerousperturbationsaretheones
alignedwiththemagneticﬁeldsowecalthemﬂuteperturbations
becauseitsﬂute-likebehavior.Theparalelwavevectorkiszeroif
theperturbationisalignedtothemagneticﬁeld.SousingEq.2.17
theparalelwavevectoris
k=b·k=B·∇θB (m−nq). (2.19)
Notethatatcertainradiusqmaybearationalnumberq=m/nso
theparalelwavevectorvanishes.
Ingeneral,forﬂuteperturbationstheparalelwavevectorissmal
so
k<<k⊥. (2.20)
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Ourmodelusestheﬂutereduction[64]whichassumesthat
k=O(εk⊥) (2.21)
whereεisasmalparametersovariablesandderivativescanbeex-
pandedintermofthisparameter.Thisorderingalowstosimplifythe
expressionsandneglectsmalterms.
2.3.2 Magneticﬂuxequation
StartingfromtheOhm’slaw
E+v×B=ηJ (2.22)
atthelowestorderandmultiplyingitbyaunitarymagneticﬁeld
b=B/Bwecanapproximate
−b×∇Φ+Bb×(v×b) 0. (2.23)
Thereforetheperpendicularvelocityis
v⊥=−1B∇Φ×b (2.24)
whichisthewelknownE×Bvelocity.
Themagneticﬁeldintheplasmacanbewrittenwithaparalel
andperpendicularcomponentsas
B=∇ζ×∇ψ+Fζ (2.25)
sotheFistheequilibriummagneticﬁeldandtheψisthepoloidal
magneticﬂux. WedonotincludetheFcomponentbecauseitsparalel
gradientissmal.
FromFaraday’slaw
∇×E=−∂B∂t=−
∂
∂t(∇ζ×∇ψ)=
∂
∂t∇×(ψ∇ζ) (2.26)
so
E=−∇Φ+∂ψ∂t∇ζ. (2.27)
MultiplyingtheOhm’slaw(Eq.2.22)byb
E =ηJ (2.28)
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soifweapplyEq.2.27weobtain
−b·∇Φ+b·∇ζ∂ψ∂t=ηJ (2.29)
whichcanberewrittenasandequationforthetimeevolutionofthe
poloidalmagneticﬂux
∂ψ
∂t=∇Φ+ηJ. (2.30)
However,forthisordering,thisreducedMHDmodeldoesnotin-
cludesomerelevantphysicaleﬀects.Therotationofelectromagnetic
perturbationsatthediamagneticfrequencyhasbeenobservedandisa
stabilizingcontribution.UsingtheBraginskiequations(seeRef.[65]),
anextratermappearsintheOhm’slaw,
E =ηJ− 1ne∇p. (2.31)
Weareusingthismodeltosimulateplasmasinthestelarators
TJ-IIand W7-X.Inbothdevicesoursimulationsarecomparedwith
dischargesheatedbyECRHsoweassumetheiontemperatureislow.
Thus,theplasmapressureisgivenmainlybyelectronpressureso
p=pe=neTe. (2.32)
Thereforethetimeevolutionofthepoloidalmagneticﬂuxequation
becomes
∂ψ
∂t=∇Φ−
1
ne Te∇n+n∇Te +ηJ. (2.33)
2.3.3 Momentumbalanceequation
Stabilityfromplasmaequilibriumcanbeanalyzedusingtheshear-
Alfv´enlaw.Itexhibitstheessentialdynamicsoftheplasmafromthe
momentumequation(Eq.2.9).Afuldemonstrationofthisexpression
canbefoundinRef.[64].Theexactshear-Alfv´enlawis
b
B·∇×ρ
dv
dt −2
b×κ
B ·ρ
dv
dt=B·∇
J
B +2
b×κ
B ·∇p.(2.34)
ThelefthandsideofEq.2.34ilustratestheplasmainertia.The
righthandsidedescribesthedrivingforces(sourcesoffreeenergy)
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whichplasmaisexperiencing.Theﬁrsttermontherighthandside
involvestheparalelcurrentandistheoriginofthecurrentdriven
modes.Infactthistermhastwocontributions,onedescribesthe
gradientintheequilibriumparalelcurrentwhichyieldstokinkin-
stabilitiesandtheotheronereﬂectsthebendingofmagneticﬁeld
lines.Inourmodelthereisnoparalelcurrent(inequilibrium)but
perturbationsarepossible.Thatperturbationofparalelcurrentgen-
eratesaperpendicularmagneticﬁeld(Amp`ere’slaw)whichbendthe
ﬁeldlines. Thelinebendingisastabilizingeﬀect(energybending
ﬁeldlinesisnotavailableforﬂuidmotion)butthistermissmalnear
rationalsurfaces[64].
ThesecondterminrighthandsideofEq.2.34containsthepressure
gradientandisthesourceofthepressuredrivenmodes.Thestability
ofthistermdependsonthemagneticcurvatureandpressuregradient
soifκ·∇P>0thetermbecomesunstableandthiscurvatureiscaled
unfavorable.
Ourmodelseekstosimulateinterchangeinstabilitiesinastelara-
torusingacylindricalgeometry. Thistypeofinstabilitybecomes
unstableiftheaveragemagneticcurvatureisunfavorable.Sointhis
modelthecurvatureκistheaveragecurvaturewhichdependsonly
ontheradius
κ=κ(r)ˆr. (2.35)
Thevariablesinthemodelcanbedecomposedinanequilibrium
andﬂuctuatingpartso
x=xeq+˜x (2.36)
wherethesubindex“eq”indicatestheequilibriumcomponentandthe
tildetheﬂuctuatingpart. Theshear-Alfv´enlawcanberewrittenin
termsoftheﬂuctuatingpartofthevariables.Thesecondtermonthe
lefthandsidecanbeneglectedbecausethecontributionoftheright
handsideismuchhigherso
b
B·∇×ρ
d˜v
dt =B·∇
J˜
B +2κ
b×rˆ
B ·∇˜p. (2.37)
Theadvectivederivativeis
d
dt=
∂
∂t+v⊥·∇ (2.38)
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Thecurlofthevelocitysuggesttheintroductionofthevorticityso
theparalelcomponentofthevorticityis
U=b·∇×v=b·∇×v⊥ (2.39)
andusingEq.2.24theUcanbewrittenas
U=∇2⊥Φ (2.40)
whereincylindricalcoordinates
∇2⊥=1r
∂
∂r r
∂
∂r +
1
r2
∂2
∂θ2. (2.41)
Theparalelgradientoperatorinthisﬂuteapproximationis
∇ ≡B·∇B0 . (2.42)
Themomentumbalanceisthen
ρ ∂˜U∂t+v⊥·∇˜U =B∇ J˜+2κˆθ·∇˜p. (2.43)
Aswehavealreadyseen,theplasmapressureisgivenmainlyby
electronpressuresop=pe=neTe. Thenthemomentumbalance
equationisﬁnaly
ρ ∂˜U∂t+v⊥·∇˜U =B∇ J˜+κ Teq
1
r
∂˜n
∂θ+neq
1
r
∂˜Te
∂θ +µ∇
2⊥U˜
(2.44)
whereadissipativetermµ∇2⊥U˜isaddedcorrespondingtotheviscosity.
2.3.4 Densityandelectrontemperatureequations
Nowevolutionequationsfordensityandelectrontemperaturearere-
quired.Soforthedensity
d˜n
dt=D⊥∇
2⊥n˜ (2.45)
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whereD⊥istheperpendiculardiﬀusionandweassumethatthepar-
aleldiﬀusivityissmal.Addingthediamagneticeﬀects(seeRef.[65])
andtheadvectivederivativeweobtain
∂˜n
∂t=−v⊥·∇n+
1
|e|∇ J˜+D⊥∇
2⊥n˜. (2.46)
Fortheelectrontemperature
d˜Te
dt=χ⊥∇
2⊥T˜e+∇ χ∇Te (2.47)
whereχ⊥istheperpendicularelectronheatconductivityandχisthe
paralelconductivitywhichmayberadialdependent.Includingthe
diamagneticeﬀectsandexpandingtheadvectivederivativeweget
∂˜Te
∂t=−v⊥·∇Te+
Teq
|e|neq∇ J˜+χ⊥∇
2⊥T˜e+∇ χ∇Te .(2.48)
2.3.5 Summaryofthe model
Thefourequationsofthemodelaresummarizedhereintheirdimen-
sionlessform
∂˜ψ
∂t=∇Φ−S¯ω∗e
Teq
neq∇ n˜+∇ T˜e +η˜J,
∂˜U
∂t=−v⊥·∇U+S
2∇ J˜
−S2β02ε2κ
Teq
neq
1
r
∂˜n
∂θ+
1
r
∂˜Te
∂θ +µ∇
2⊥U˜,
∂˜n
∂t=−v⊥·∇n+
S
ω¯ci∇ J˜+D⊥∇
2⊥n˜,
∂˜Te
∂t=−v⊥·∇Te+
S
ω¯ci
Teq
neq∇ J˜+χ⊥∇
2⊥T˜e
+∇ χ∇Te.
(2.49)
(2.50)
(2.51)
(2.52)
whicharethemagneticpoloidalﬂuxequation,momentumbalance,
densityandelectrontemperatureequationrespectively.Thefourvari-
ablesinthemodelarethemagneticpoloidalﬂuxψ,theelectrostatic
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potentialΦ,thedensiynandtheelectrontemperatureTe.Thepar-
alelcomponentofthevorticityis
U=∇2⊥Φ (2.53)
andtheparalelcurrentis
J=∇2⊥ψ. (2.54)
Theparalelgradientis
∇ = ∂∂ζ−
1
q
∂
∂θ+
∂˜ψ
∂r
1
r
∂
∂θ−
1
r
∂˜ψ
∂θ
∂
∂r (2.55)
and
∇2⊥=1r
∂
∂r r
∂
∂r +
1
r2
∂2
∂θ2. (2.56)
Theperpendicularvelocityis
v⊥=−∇Φ×ζˆ (2.57)
whichyieldsto
vr=−1r
∂Φ
∂θ, vθ=
∂Φ
∂r. (2.58)
Thetildesinthevariablesindicatetheﬂuctuationsfromanequi-
libriumso
x=xeq+˜x. (2.59)
Theresistivityisη,theviscosityisµandtheperpendiculardiﬀusivity
isD⊥.χ andχ⊥ aretheparalelandperpendicularthermaldiﬀu-
sivity,respectively.Theinverseaspectratioisε=a/R0.Bzisthez
componentofthemagneticﬁeldandβ0=2µ0p(0)/B2z.Themagneticﬁeldlinecurvatureκincludestheaveragedeﬀectofthetoroidaland
helicalcomponentsofthemagneticﬁeld.
TheLundquistnumberisS=τR/τA.ThepoloidalAlfv´entimeis
τA=R0√µ0mini/Bz,wheremiandniaretheionmassanddensity,
respectively.TheresistivetimeisτR=µ0a2/η(0)whereη(0)isthe
resistivityatthemagneticaxis.Thenormalizedfrequenciesareω¯∗e=
τAω∗eandω¯ci=τAωci,whereω∗e=Te/(ea2Bz)andωci=eBz/miare
theelectrondiamagneticfrequencyandtheioncyclotronfrequency
respectively.
Lengthinthismodelisgiveninunitsoftheminorradiusaand
thetimeisgiveninunitsofresistivetimeτR.
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Interpretation
Themodelequationsare
∂˜ψ
∂t=∇Φ−S¯ω∗e
Teq
neq∇ n˜+∇ T˜e +η˜J, (2.60)
∂˜U
∂t=−v⊥·∇U+S
2∇ J˜
−S2β02ε2κ
Teq
neq
1
r
∂˜n
∂θ+
1
r
∂˜Te
∂θ +µ∇
2⊥U˜, (2.61)
∂˜n
∂t=−v⊥·∇n+
S
ω¯ci∇ J˜+D⊥∇
2⊥n˜, (2.62)
∂˜Te
∂t=−v⊥·∇Te+
S
ω¯ci
Teq
neq∇ J˜+χ⊥∇
2⊥T˜e
+∇ χ∇Te. (2.63)
wheretheredtermsarethedissipativetermscorrespondingtore-
sistivity,viscosityanddiﬀusivity.Theblueonesarethediamagnetic
eﬀects.Themagentatermisgeneratingthedrive(troughthepressure
gradient).Thegreenoneisthestabilizingtermduetheperturbations
intheparalelcurrent.
2.3.6 Numericalcode:FAR
Theequationsofthemodelaresolvedusinganumericalcodecaled
FAR(FiniteAspectRatio)[66].Itinheritsthemainnumericalmethod
ofKITEcode[67].FARisabletoruninatoroidalgeometryalthough
inthisworkonlyacylindricalisstudied.
ThevariablesaredecomposedinFourierdecompositionforthe
poloidalandtoroidalangleandtheradialdirectionissolvedusing
ﬁnitediﬀerencesso
f(r,θ,ζ,t)=
m,n
fsm,n(r,t)sin(mθ+nζ)+fcm,n(r,t)cos(mθ+nζ).
(2.64)
Thecodeusesanimplicitmethodtoadvancetheequations.How-
everthenonlineartermsareexplicitlyaddedateachtimestepusing
apredictor-correctormethod.ForamoredetailsofthecodeseeAp-
pendixA.
Chapter3
Transferentropy
TheTransferEntropy(TE)techniqueisbroadlyusedinthisthesisto
analyzethenumericalresultsobtainedbytheMHDcode.Thetech-
niqueisrelativelynewinPlasmaPhysicsforNuclearFusion.Theaim
ofthischapteristointroduceanddescribetheTEandthenprovide
someexamplesonhowthetechniqueisapplied.Foradetaileddescrip-
tionofhowtheTransferEntropyisactualycalculatedseeAppendix
B.
OneofthebasicideasinPhysicsisnotonlystudyaphenomenaand
makepredictionsbutalsoﬁndthecauseofthatphenomena.Imagine
asystemwherediﬀerentphysicalmagnitudescanbemeasured,one
variableisperturbedandaftersome(usualyshort)timeothervari-
ableisaﬀected. Wecouldestablishacausalityrelationbetweenthese
variablesandformulateourtheory/model.Thisassumptionofcausal-
itycanbestraightforwardforasimplesystem,asforexampletheforce
betweentwochargedparticles,butcanbeextremelycomplicatedfor
anonlinearsystemasaﬂuid.
Thetraditionalmethods(linearcorrelation,conditionalaveraging
[68],...)areconceivedtoidentifyarelationbetweenvariables.They
analyzepreviouseventsanddetermineiftheyarerelevantinfuture
events. Howevernotalwaysthecausalityrelationisidentiﬁedorit
mayleadtoconfusingconclusionsbecausethesetechniquesfrequently
relyinourﬁrstassumptionofcause-eﬀect.Furthermore,asitiswel
known,correlationdoesnotimplycausation.Herewepresentanew
techniquewhichgoalistoestablishacausalrelationbetweentwo
processes.
TheTransferEntropy[69]wasintroducedintheﬁeldofInforma-
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tiontheoryasameasureofcausality.Theuseofthewordcausality
insciencecanbecontroversial,itscoloquialsenseisbasicaly:“IfX
happensthenYwiloccur”orintheotherway“weobservedYsoX
occurred”.Thatisthephilosophicalsenseofcause-eﬀectanditisan
abstractconcepteasytounderstandbutextremelydiﬃculttoquan-
tify.InthisworkweusetheGrangercausalitydeﬁnition(introduced
by Wiener)[70,71]whichstates:“HavingtwosignalsXandY,ifwe
canpredictbettersignalXusingthepastinformationfromsignalY
thanwithoutit,thenYcausesX”.ThereforetheTransferEntropy
ismeasuringtheinformationcontainedintwosignalsandquantiﬁes
theinformationﬂowbetweenthem.
Inasense,theTransferEntropyismeasuringtheinformationfrom
previouseventsfromtwoprocessesandestablish(ifexist)acausalre-
lationbetweenthoseprocesses.Thetechniqueidentiﬁesiftheprevious
informationinsignalYisaﬀectingfutureeventsinX,buttakinginto
accountaswelthepreviousinformationcontainedinXitself.
TheTransferEntropywasoriginalyappliedbySchreiberinphys-
iologicaltimeseries[69].Thetechniquehasbeenusedinmanyﬁelds
asneurosciences[72],biochemistry[73],controlsystems[74]andeven
ﬁnancialmarkets[75].TheTransferEntropywasappliedfortheﬁrst
timeinFusionPlasmasinRef.[76]whichleadtootherworks(as
Ref.[77])inTJ-IIandW7-Xplasmas(seereferencesinthenextchap-
ters).Thetechniquehasbeenaswelappliedtotokamakexperiments
inRef.[78]byanindependentgroup.
3.1 Introduction
InthermodynamicstheconceptofentropywasestablishedbyR.Clau-
siusintheXIXcentury.Itsoriginalideawastoquantifytheamount
ofenergy(perunitoftemperature)whichcannotbeusedinathermo-
dynamicprocessand,atthesametime,tomeasuretheirreversibility
ofasystem.AtthebeginningoftheXXcenturyL.Boltzmann(and
others)developedthemainideasofthestatisticalmechanics.Inpar-
ticularhegaveamoreprecisedescriptionoftheconceptofentropyas
ameasureoftherandomnessofasystem.Itsfamousexpressionis
S=−kBlnΩ
whereSistheentropy,kB istheBoltzmannconstantandΩisthe
numberofpossiblemicrostatesinthesystem.
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However,inthisthesis,wefocusintheentropyasitisusedin
theﬁeldofInformationtheory.Inthe1940decade,theInformation
theorywasdevelopedbyClaudeE.Shannon[79](reprintedin[80]).
Duringthattimecomputationalscienceandtelecommunicationswere
asweldeveloping,informationtheorywasintroducedasanapproach
tomeasuretheinformationincommunications.AccordingtoShannon
[81,82],ameasureofinformationshouldhavetheseproperties:
•Itisadditive.Therefore,ifthesignalislarger,theinformation
shouldincrease.
•Itshouldexpressinsomewaythenumberofpossibleeventsand
theirrespectivelylikelihood.
•Itshouldbecontinuous.Asmalchangeintheprobabilityofan
eventshouldgenerate,aswel,asmalchangeintheinformation.
•Ifaltheeventsareequalylikelythenitsvalueismaximum.
Entropywasdeﬁnedasameasureoftheaverageuncertaintyofa
valueinamessage.Soitiscalculatinginformationasformofun-
certainty.Shanonchoosethetermentropy(usedinthermodynamics
andstatisticalmechanics)toemphasizetheconceptofanuncertainty
function,asitwassuggestedbyJohnvonNeumann[83].TheShannon
EntropyHisdeﬁnedas
H=−
n
i=1
pilog2pi (3.1)
wherepiistheprobabilityoftheithvalueinatimeseries.Logarithms
areusedinbase2soinformationisgiveninbits.
Letuscalculatetheentropyofasystemwithtwopossibilities,for
exampleayes/noquestion. Thereatwopossibleoutcomessotheir
respectivelyprobabilitiesarepandq=1−p.Figure3.1ilustrates
theShannonentropyasafunctionofp.Imaginethequestionis:“Is
thesungoingtoarisetomorrow?”.Ifwearecompletelycertainof
theoutcomethenp=1andtheentropyiszeroasnoinformation
canbeextracted.However,foradiﬀerentquestionas“Isitgoingto
snowthisChristmas?”theanswerhassomeyes/noprobabilityand
theentropyisnonzero. Furthermoreifthetwopossibleoutcomes
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Figure3.1:ShanonEntropyinasystemwithtwopossibleoutcomes
pandq=1−p
Y=(y1,y2,y3,..) X=(x1,.,x314,..)
{ {Information flow?
.
Figure3.2:CanthepreviousvaluesinYbeusedtodeterminefuture
valuesinX.
havethesameprobabilitythentheentropyismaximumshowinga
maximumuncertainty.
Hereweapplytheconceptofentropytotimesignalsoftheform
X=(x1,x2,...).Thesesignalswilbethedataobtainedfromthede-
tectors(inaexperiment)orfromtheresultsofnumericalsimulations.
Forexamplethesignalcouldbethetemporalvaluesoftheelectro-
staticpotentialoftheplasmaattheedge.Tocalculatetheentropyof
oneofthesesignalsisrelativelysimply,ﬁrstaprobabilitydistribution
function(pdf)isgeneratedfromthesignalthentheEq.3.1isapplied.
Theaimofthischapteristodescribeatechnique(theTransfer
Entropy)whichmeasurestheinformationcontainedindiﬀerentsignals
andquantiﬁesaninformationﬂow.Theideais:cantheinformation
containedinpreviousvaluesofsignalYbeusedtopredictfuture
valuesinX?(seeFig.3.2)
TheﬁrstapproachtothisissueistheMutualInformation which
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isdeﬁnedas[84]
I(X;Y)= p(xi,yi)log2 p(xi,yi)p(xi)p(yi) (3.2)
wherep(xi,yi)isajointpdf.Itquantiﬁestheamountofinformation
sharedbythetwovariablesXandY.Thereforeifthetwoprocesses
areindependentp(xi,yi)=p(xi)p(yi)soI(X;Y)=0. Thedisad-
vantageofthisapproachisthatitdoesnotshowanydirectionofinfor-
mationﬂowbecausethetechniqueissymmetricI(X;Y)=I(Y;X).
Weintroducethevariables
x(j)n =(xn−k,...,xn−k·j) (3.3)
y(l)n =(yn−k,...,yn−k·l) (3.4)
wherek,j,l∈N,theyrepresentavectorwithasetofvaluesofsizej
(orl)inXandYwhichtakeintoaccounttheprecedingvalues.The
TransferEntropyisdeﬁnedasthemeasurementoftheinformation
transferfromthosepreviouseventstothecorrespondingtimeseries
XorY.TheTransferEntropymeasuringtheinformationﬂowfrom
YtoXis
TY→X= pxn+1,x(j)n,y(l)n log2
pxn+1|x(j)n,y(l)n
pxn+1|x(j)n
. (3.5)
Thepdfsoftheformp(a|b)areconditionalprobabilitiesofaunder
theconditionofb,thiswaytheconditionalpdfsintheTEareconsid-
eringthepreviousvaluesnotonlyinthesameXbutalsoinY.The
summationisindicatingasumoverthecorrespondingbinsofthepdfs
(foradetailedexplanationseeAppendixB).IfYisindependentof
signalXthenpxn+1|x(j)n,y(l)n =pxn+1|x(j)n soTY→X=0.
Theuseofthevectorsx(j)n andy(l)n intheTransferEntropydeﬁ-
nitionalowstoanalyzetheTEindiﬀerenttimescales.However,for
simplicity,inalthisworkwekeepj=l=1sothevectorsbecome
scalars
x(j)n =xn−k (3.6)
y(l)n =yn−k (3.7)
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andkturnsintoatimelag. ThereforetheTransferEntropycanbe
rewrittenas
TY→X(k)= p(xn+1,xn−k,yn−k)log2p(xn+1|xn−k,yn−k)p(xn+1|xn−k) . (3.8)
Theconditionalprobabilitiescanberewrittenknowingthatp(a|b)=
p(a,b)/p(b)sotheTransferEntropybecomes
TY→X(k)= p(xn+1,xn−k,yn−k)log2p(xn+1,xn−k,yn−k)p(xn−k)p(xn−k,yn−k)p(xn+1,xn−k).(3.9)
ThereforetheTEiscalculatedthroughthesefourpdfs. Theproba-
bilitydistributionsmustbecalculatedusingadiscretesystemofm
binsineachdimension.Forexamplep(xn−k)hasonlymbinsbutfor
p(xn+1,xn−k,yn−k)thenumberofbinsism3.Tohavestatisticalsig-
niﬁcancethenumberofbinsshouldbekeptsmalcomparedtotheto
totalamountofdata[69].Inournumericalsimulationstheavailable
timeseriesgeneratedwilbelowerthan103soitimpliesthatthem
shouldbeaswelsmal(itiscaledcoarsegrainingintheliterature).
Wechoose m=3inalthisworkunlessitisexplicitlywritten.The
maximumvaluefortheTransferentropyislog2m.
Noticethatoneoftheadvantageofthistechniqueisthatisdirec-
tionalso,ingeneral,TY→X =TX→Y.ThiswaytheTransferEntropy
identiﬁesthedirectionoftheinformationﬂowbetweentwoprocesses.
InadditiontheTEcanidentifynon-linearinteractionwhichcanbe
notdetectedbytraditionalmethods.
3.2 ApplicationoftheTransferEntropy
TheTransferEntropyisaquitenewtechniqueandnotalargeamount
ofinformationisavailable.Therefore,inthenextsubsectionswepro-
videsomeexamplesonhowtheTransferEntropyisapplied.
3.2.1 Analyticalexample
MosofthetimetheTEisimplementedcomputationalyduethelarge
numberofcalculations.However,hereweapplythistechniquetoan
easypossiblecasewheretheproblemcanbesolvedbyhand.
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Imagineapersonsendsasequenceofsignals{xi}generatedran-
domlywithvalues1and0.Asecondperson,whenreceivesthesignals
{xi},responds,withatimedelayof1withasequenceofsignals{yi}.
So:
yi+1=xi
Inthiscasebothsequenceshaveonlytwovalues1and0.Then,
choosingm=2,onecantrivialycalculatethemainPDFsforthe
calculationofTE.Wewilcalculateone“timelag”whichmeanstaking
k=0.Theprobabilitydistributionoftheﬁrstsignalis
p(xn)→p(0)=0.5 p(1)=0.5
ThejointPDFsare
p(xn,yn)→p(0,0)=0.25 p(1,0)=0.25 p(0,1)=0.25 p(1,1)=0.25
p(xn+1,xn)→p(0,0)=0.25 p(1,0)=0.25 p(0,1)=0.25 p(1,1)=0.25
p(yn+1,yn)→p(0,0)=0.25 p(1,0)=0.25 p(0,1)=0.25 p(1,1)=0.25
and
p(xn+1,xn,yn)→p(0,0,0) =0.125 p(0,0,1)=0.125 p(0,1,0) =0.125
p(0,1,1) =0.125 p(1,0,0)=0.125 p(1,0,1) =0.125
p(1,1,0) =0.125 p(1,1,1)=0.125
p(yn+1,xn,yn)→p(0,0,0) =0.25 p(0,0,1)=0.25 p(0,1,0) =0
p(0,1,1) =0 p(1,0,0)=0 p(1,0,1) =0
p(1,1,0) =0.25 p(1,1,1)=0.25
Thenthetransferentropy(from{yi}to{xi})usingEq.3.9is
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TY→X=p(0,0,0)log2p(0,0,0)p(0)p(0,0)p(0,0)+p(0,0,1)log2
p(0,0,1)p(0)
p(0,1)p(0,0)+
p(0,1,0)log2p(0,1,0)p(1)p(1,0)p(0,1)+p(0,1,1)log2
p(0,1,1)p(1)
p(1,1)p(0,1)+
p(1,0,0)log2p(1,0,0)p(0)p(0,0)p(1,0)+p(1,0,1)log2
p(1,0,1)p(0)
p(0,1)p(1,0)+
p(1,1,0)log2p(1,1,0)p(1)p(1,0)p(1,1)+p(1,1,1)log2
p(1,1,1)p(1)
p(1,1)p(1,1).
Substitutethetermsbythevaluesalreadycalculated. Althe
termsareequalso
TY→X=8·18log2
1/8·1/2
1/4·1/4=0
whichwastheexpectedresultsincethereisnoinformationﬂowfrom
{yi}to{xi}.Similarlywecalculatetheinformationﬂowintheother
direction.Inthatcasenotalthetermswilbeequalso
TX→Y=4·14log2
1/4·1/2
1/4·1/4+4·0=1
whichistheobvioussolutionsinceyi+1=xi
3.2.2 Twosimplesignals
Thisexampleismorecomplexthanthepreviousonebutitexplains
thebasicfeaturesofTransferEntropy. WeapplytheTransferEntropy
methodtotwosimplesignals. TheupperpanelonFig.3.3shows
thosesignals.ThesignalX(solidline)iscomposedbytwoGaussian
functions(“A”and“C”)andsignalY(dashedline)byoneGaussian
(“B”)butatanintermediatetime.Inthelowerpanel,theTransfer
entropyresultsareplottedforbothdirections. First,wefocuson
theTX→Y.TheTEshowsattimelag300apeak.Thattimeisnot
arbitrarybutitisthetimebetweenthepeaks“A”and“B”insignal
XandY.TheTEpeakisshowingthatthesignalYcanbepredicted
bytheinformationinthesignalXwithatimedelay300.Basicaly,
itistheeﬀectof“A”on“B”.“C”insignalXhasnoimpactinthe
TE(inthiscase)becauseithappensafter“B”insignalY.
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Figure3.3:Transferentropyresults(lowerplot)obtainedbythesig-
nalsintheupperplot.
Now,weinterprettheTY→X. Weobserveapeakinthetransfer
entropyatatimelag400. Thattimeisthedelaybetween“B”and
“C”.TheTEisindicatingthat“C”couldbepredictedby“B”which
occurredatime400before.Itisshowingtheeﬀectof“B”on“C”.
Therefore,TX→Yisshowingtheﬂowinformationfrom“A”to“B”
andTY→X theﬂowinformationfrom“B”to“C”.
OneshouldnoticethattheTransferentropyinbothdirectionshave
diﬀerentsize.ThereasonisthatforTY→X mostoftheinformationin
signalY(“B”)isﬂowingtosignalX(”C”).However,forTX→Yonly
halfoftheinformationofX(“A”)isﬂowingtosignalY.
Weshouldmentionthatasignalwithhigherorloweramplitude
hasnoeﬀectintheTransferEntropy.Thatfeature(whichisnotshown
intheexample)canbeimportantonceweusethetechnique. That
alowsustoidentifytheﬂowofinformation(andcausality)between
twosignalsevenifoneofthemissmalerthantheother.
3.2.3 Predator-prey model
Thepredator-preymodelisapairofcouplednon-lineardiﬀerential
equationswhichhavebeenused,withvariations,inbiologicalsystems
tostudytheinteractionbetweentwodiﬀerentspecies(oneactingasa
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prey,theotherasapredator).HereweusetheknownLotka-Volterra
model[85,86].Letuscal xthenumberofpreys(rabbits)andythe
numberofpredators(foxes),thentheLotka-Volterraequationsare
dx
dt=αx−βxy
dy
dt=δxy−γy
whereα,β,γ,δaretheparametersthatdescribetheinteractions.
Thetermαxdescribesthenaturalgrowthofrabbits. Thenegative
termβxycorrespondtothedecreaseofpopulationduetohunting.
Similarlytheeﬀectispositiveinthepopulationoffoxeswithδxy.
Finalythenaturaldeathoffoxesisilustratedbyγy.
Thedynamicsofthesystemisquiteintuitive. Startingfroma
highrabbitpopulationandlownumberoffoxes,itmakesincreasethe
numberoffoxesduetoavailablefood. Astherearemorefoxesthe
rabbitpopulationdecreases.Duetothelackofpreys,foxesdie.The
decreaseoffoxesgeneratestheincreaseinrabbitpopulation. And
thenthecyclerepeatsagainwiththese4steps.Thatdynamicswil
produceaperiodicityinbothpopulations.Theincreaseordecreaseof
populationsdependsontheparametersofthesystembutingeneral
thefunctionsarenotsymmetric.TheupperplotinFig.3.4ilustrates
thatdynamicsfortheparametersα=β=γ=δ=1,unitsofthe
signalsarearbitrary. Thementionedperiodicitycanbeobservedin
signals.
TheTransferEntropywilbeappliedtothesignalbutthistimeit
isgoingtobecomparedwiththeresultsofthecross-correlation.The
cross-correlation(CC)isatechniquewhichmeasuresthesimilarity
betweentwosignalsfandgandisdeﬁnedas
f g=
∞
−∞
f∗(t)g(t+τ)dt (3.10)
whereτisthetimelagandthef∗indicatesthecomplexconjugateof
f.
TheCCisappliedtoresultsofthepredator-preymodel,theresults
areshowninthemiddlepanelinFig.3.4.Thefunctionshowsmax-
imums(inabsolutevalue)ofcorrelationatsometimelags(positive
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Figure3.4: Predator-preymodel. Theupperplotshowsthetime
evolutionofbothpopulations. Middleandlowerplotsshowtheresults
ofthecross-correlationandTransferEntropyrespectively.
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andnegative). ThetimelaginEq.3.10isshiftingoneofthefunc-
tionsrespecttheotherone,sothemaximumsweobserveontheﬁgure
areindicatingwhenthetwofunctionsareapproximatelysuperposed
(ortheopposite).Thecross-correlationshowsaperiodicitysimilarto
theoriginalsignals.However,theCCtechniquedoesnotprovideany
moreinformationaboutthesystem.
Ontheotherhand,thelowerplotinFig.3.4showsthenettransfer
entropywhichisdeﬁnedasTNet=TX→Y−TY→X.Itisaninteresting
measurementwherewecanseethenetamountofinformationﬂowing
and,moreimportantly,theirdirection.InourexampletheTNethasthe
sameperiodicityofthepredator-preysignals(about600timesteps).
Ineachperiodicitywecanobservefourregionsindicatedbyletters
A,B,CandD.TheregionAisindicatinganinformationﬂowfrom
X toY,itilustratestheeﬀectthatahighnumberofrabbits(X)
makesincreasetheamountoffoxes. OnBtheinformationﬂowis
ﬂowingintheoppositedirection,asthenumberoffoxes(Y)ishigh
thentherabbitpopulationdecreases(X).Cregionilustratesthefact
thatthatdecreaseofrabbits(X)producesadecreaseinfoxpopulation
(Y).FinalythecycleisclosedinDwherethelackofpredators(Y)
generatesanincreaseinrabbitpopulation(X).
Inconclusion,thenettransferentropyhasdetectedthe4diﬀerent
stepsinthemodel.Furthermore,itiscapabletoindicatethecausality
ofthosestepsshowingthecorrectinformationﬂowinthecoupled
system.
Chapter4
HeatpropagationinTJ-II
Oneofthemainchalengesinmagneticalyconﬁnedfusionplasmasis
tounderstandtransport.Heattransportplaysanimportantroleinthe
conﬁnementtimeanditiscrucialforaviablefuturenuclearreactor.
Fordecades,scientiﬁccommunityhasproposeddiﬀerentapproaches
tounderstandanddescribethistransport.
Oneofthemostusedtoolstostudyheattransport,inexperi-
mentsornumericalsimulations,aretheperturbativemethods.They
involvetheinsertionofasmalperturbationintheplasmaandthen
itsresponseisstudied.
Inthischapter,weproposeanapproachtostudyheattransport
basedonperturbativemethods.ATJ-IIplasmaissimulatedusingthe
resistiveMHDmodeldescribedinSec.2.3.5.Instabilitiesinthemodel
aredrivenbypressuregradients,inthiscase,resistiveinterchange
modes.Oncetheplasmaisinsteadystate,aheatperturbationisset
andthenitsevolutionisanalyzed.
Duringthischapterwestudytheevolutionofsingleperturbations
andhowfartheydiﬀerfromadiﬀusivesystem.Furthermore,pulses
atdiﬀerentradiallocationsevolveinadiﬀerentwayduetheeﬀect
ofthepoloidalvelocity. ThateﬀectisanalyzedusingtheTransfer
Entropy(TE)technique.ThesamestudyisappliedtoadiﬀerentTJ-II
magneticconﬁgurationandsimilarconclusionareobtained.Finaly,in
thelastsection,experimentsusingtheTEarediscussedandcompared
withthenumericalresults.
TheTransferEntropyappearstobeausefultechniquetostudy
heattransport. Thetechniquealowstoidentifythepropagationof
heatpulseandfolowitstemporalevolutionoverthesystem. This
45
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isevenmorepowerfulinfusionplasmaexperimentswheretraditional
heatperturbationtransporttechniques(aslinearcorrelationorcon-
ditionalaveraging[68])donotoﬀerenoughclarity.
Inthenextsectionswewilobservethatheattransportisaﬀected
bytheradialshearofthepoloidalvelocityoftheplasma.Thepoloidal
ﬂowisgeneratedbyturbulenceviatheReynoldsstress. Theroleof
theturbulentﬂuctuationsandthegenerationofaperpendicularﬂow
isstudiedindetailinChapter7
Themagneticconﬁgurationisanimportantelementinthegen-
erationofthepoloidalﬂow. Therationalnumbersintherotational
transformdeterminethelocationofclosedmagneticﬁeldlines. We
areusingan MHDmodelbasedonresistiveinterchangemodesso
instabilitiesareextendedalongtheclosedmagneticﬁeldlines.There-
fore,turbulenceintensiﬁesintheloworderrationalssurfaces.Asthe
poloidalvelocityispartlydescribedbytheturbulence,thelocationof
themainrationalsurfacesmayhaveanimpactinthepoloidalvelocity
proﬁle.Furthermore,thelowmagneticshearintheTJ-IIproducea
lowdensityoflow-numberrationals. Asaconsequence,itiseasyto
identifytheimpactoftherationalsurfaces(andtheﬂowassociatedto
them)onheattransport.
Inmostofthischapternumericalsimulationswilbebasedon
thestandardmagneticconﬁguration(caled10044)inTJ-II,however
moreexampleswilbegivenusingadiﬀerentconﬁguration(inpartic-
ular10046).Obviously,thetwoconﬁgurationshavediﬀerentrational
surfacessoturbulencevorticesmaybegeneratedatdiﬀerentlocations
and,consequently,otherpoloidalvelocityproﬁlewilappear. Note
thatpoloidalﬂowisnotcompletelydeterminedbythemagneticcon-
ﬁguration,otherfactorsastemperatureanddensityproﬁlesmaybe
signiﬁcant.
PartofthecontentinthisChapterhasbeenpublishedinRef.[1]:
B.Ph.van Miligen,J.H.Nicolau,L.Garc´ıa,B.A.CarrerasandC.
Hidalgo.“Theimpactofrationalsurfacesonradialheattransportin
TJ-II”.Nucl.Fusion57,056028(2017).
4.1 Steadystateplasma
Theperturbativeapproachisgoingtobeappliedtoasteadystate
plasma. Hereweusearesistive MHDmodelbasedoninterchange
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Figure4.1: Rotationaltransformforthe“standard”magneticcon-
ﬁguration10044inTJ-II.Mainrationalsurfacesareindicatedwith
verticallines.
modesdescribedinSec.2.3.5toreachasteadystate. Weusethe
standardmagneticconﬁgurationinTJ-IIcaled10044(seerotational
transforminFig.4.1)wherethevaluesindicatethecurrentthrough
theexternalﬁeldcoils. TheinitialproﬁlesarethetypicalofERCH
heatedplasmasinTJ-II.
ThevariablesinthenumericalcodearedecomposedinFourier
componentswherem andnarethepoloidalandtoroidalnumbers
respectively.Inthepresentnumericalcalculationsweintroducethe
resonanthelicities,correspondingtotheqproﬁle,uptom =100
whichgiveatotalnumberofangularcomponentsof446.Thevalue
m =100ischosenbecauseitisavalueofm largeenoughwhere
resistiveinterchangeturbulenceissaturatedthroughdissipation[61].
Inthesimulations,S=2×105,β0=10−3,ω¯∗e=2×10−4,
ω¯ci=500.ThediﬀusivityparametersusedareD⊥=χ⊥=0.1a2/τR
andµ=0.05a2/τR. Theparalelelectronheatconductivityisχ =
2×106a2/τR.Thediﬀusivitiesfortheaveragetemperatureanddensity
evolutionareD0⊥ =χ0⊥ =0.3a2/τR. Thecolisionalﬂowdamping
rateisµˆ=40τ−1R .
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Figure4.2:Density(solidgreenline)andelectrontemperature(dot-
tedredline)proﬁlesatthesteadystate. Mainrationalssurfacesare
indicatedbyverticaldashedlines
Theequations(seeSec.2.3.5)arenumericalyadvanceduntilthe
plasmaisatsteadystate.Figure4.2showsthedensityandelectron
temperatureproﬁlesatthatstate.Theproﬁlesarenotstaticbutfor
ouranalysisthechangeisnotrelevant. Asourcetermisincluded
duringthenumericalsimulationstokeeptheproﬁles.Thesolidgreen
lineandthedottedredlinearethedensityandelectrontemperature
proﬁlerespectively.Verticaldashedlinesindicatethelocationofmain
rationalsurfaces.Thetemperatureanddensityvaluesarenormalized
tothemaximumoftheirequilibriumproﬁles.Forthedurationofour
studiestheproﬁlescanbetakenasconstant.
Atsteadystateanaveragepoloidalﬂow Vθ ispresentinthe
plasma(bracketsindicateapoloidalandtoroidalaverage). Even
thoughthevelocityproﬁleisnotconstant,itﬂuctuatesaroundanequi-
libriumproﬁle.Figure4.3isshowingthetemporalaveragepoloidal
ﬂow,thetimeintervaloftheaverageismuchlonger(∼0.1τR)than
anyofthefolowingstudies.Thesolidgreenlinerepresentsthetem-
poralaveragedpoloidalﬂow,theothertwodashedanddottedcurves
indicateonestandarddeviationfromthemeanvalueinthetemporal
average.Itcanbeobservedthatthepoloidalﬂowchangeissmalfor
4.2. SINGLEHEATPERTURBATION
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Figure4.3:Temporalaveragedpoloidalvelocityatsteadystate(solid
greenline).Dashedanddottedlinesindicateonestandarddeviation
fromthemeanvalue.
longtimes,soforthedurationoftheheatperturbationtheﬂowcan
betakenasconstant.Thischaracteristicisimportantasthepoloidal
ﬂowwilberelevantintheheatpropagation.
4.2 Singleheatperturbation
Inthepresentstudyweuseperturbationstoanalyzeheattransport.
Therefore,asingleinstantaneousperturbationissetintheelectron
temperatureproﬁle.Asanyotherperturbativemethod,thesepertur-
bationshavetobelargeenoughtoalowustostudyitsevolutionbut
atthesametimesmaltonotaltertheplasmaconditions.Hence,in
althisthesis,weuseperturbationswithaGaussianshape
∆Te·e−(r−r0)2/2σ2 (4.1)
where∆Te=1.5,themaximumiscenteredinr0andthewidthis
σ2=0.005. Sotheperturbationisnarrowenoughtofocusinthe
transportaroundtheinitiallocationandthemassoftheperturbation
issuitabletofolowtheperturbationitselfbutisnegligibleforthe
totalmassinthetemperatureproﬁle.
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Figure4.4:Rightpanelshowsthetemporalevolutionofaheatprop-
agationinitialylocatedr/a=0.35. Theleftpanelilustratesthe
averagepoloidalvelocitybeforetheperturbation.
Asaﬁrstexamplewesetaperturbationattheradiallocation
r/a=0.35intheplasmaatthesteadystatedescribedinSec.4.1.
Thepulseisplacedinstantaneouslysonopreviousheatingistaken
intoaccount. Thetemporalevolutionofthispulseisilustratedin
therightpanelinFig.4.4.Forabettervisualization,theinitial(just
beforethepulse)electrontemperatureproﬁleissubtractedsoonly
theevolutionoftheperturbationisshown.Theleftpanelshowsthe
averagepoloidalvelocity Vθ atatimeimmediatelybeforetothe
pulseintroduction.TimeandvelocityunitsarenormalizedtoτRand
a/τRrespectively.Theheatperturbationevolvesintimeanditshows
aradialpropagation. Onecanobservethatthepropagationisnot
symmetricalbuttheoutwarddirectionisdominant.Furthermore,the
timeevolutionshowsanoncontinuousradialpropagation,forexample
thepropagationisfasterfromr/a=0.35tor/a=0.47thanthe
propagationfromr/a>0.47.Sotheperturbationseemstobeslowed
downandmostofthepulseispartlytrappedaroundr/a≈0.45asit
isvisibleinaredcolorintheﬁgure.
Wesuggestthatthereasonoftheslowdownoftheperturbation
seemstobethepoloidalﬂowintheplasma.Inthisexamplethe
perturbationistrappedaroundr/a≈0.45anditisinthisradial
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regionwheretheradialshearofthepoloidalﬂowdVθ/drisstrong.
Furthermoreatr/a≈0.48theperturbationissloweddownandagain,
astrongradialshearinthepoloidalﬂowispresent.Moreexampleswil
begiveninthenextsectionstosupportthisidea:theaveragepoloidal
ﬂowmaybethecauseoftheslowdowninheatperturbations.
4.3 Diﬀusive model
Inthissectionwecomparetheresultsfromtheheatperturbationin
theMHDmodelfromSec.4.2withtheresultsfromadiﬀusivemodel.
Hereweshowthatthetransportweobservecannotbedescribedina
diﬀusiveway.ForaquantitativeanalysisoftransportseeChapter6
wheretransportischaracterizedusingeﬀectivediﬀusivities.
Theﬁrstattempttostudytransportistocompareitwithadif-
fusivemodel.Itisabroadlyknowndescriptionofmanyphysical
systemsandananalyticalsolutioncanbeobtained.Inonedimension
themodelisdescribedbytheequation
∂Te
∂t=D
∂2Te
∂2r (4.2)
whereDistheconstantdiﬀusionterm. Thatsimpleequationcan
describeeasilythe(diﬀusive)transportwhichrelyontheDparameter.
DependingontheDvalue,itwilimplyafasterorslowertransport.
HerewesimulateasystemgovernedbyEq.4.2. Thenumerical
valueofDischosentoreproduceadiﬀusivepropagationatsimilar
timescalesastheMHDmodel.Theaimistocomparequalitativelythe
propagationinthetwodiﬀerentsystems.TomimictheMHDresults,
thesametemperatureproﬁleisusedandthesystemisevolveduntil
theproﬁlebecomessmooth.Asmalsourceisaddedtokeeptheproﬁle
and,oncetheproﬁleisinasteadystate,aperturbationisintroduced.
Theheatperturbationhasthesamecharacteristicsasbeforeandis
locatedatthesameradiusr/a=0.35. Figure4.5ilustratesthe
timeevolutionofaperturbationinourMHDmodel(solidgreenline)
andthe1Ddiﬀusivesystem(dashedblackline). Fromlefttoright
thepanelsareshowingdiﬀerenttimestepst1,t2...t8. Clearlythe
perturbationintheplasmadoesnotbehaveinadiﬀusivemanner.
Thepropagationisnotsymmetricalanditseemstoslowdownatsome
radius. Ontheotherhand,inthediﬀusivesystem,theperturbation
smoothlybroadensandthepeakkeepsinthesameradialpoint.
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Figure4.5:Thediﬀerentpanelsshowthetemporalevolutionofthe
sameheatperturbationforthe MHDmodel(solidgreenline)and
usingthediﬀusionequation(dashedblackline).
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Therefore,astheheatpropagationinfusionplasmasisnotdiﬀusive
wetrytoanalyzeitanddescribesomeofitscharacteristicsinthenext
sections.
4.4 Heatperturbationsatdiﬀerentloca-
tions
InSec.4.2thetimeevolutionofaheatperturbationinourmodelwas
shown.Theradialpropagationwasobservedtobenon-diﬀusiveand,
atcertainradiallocations,thepropagationwaschanging.Itwould
beinterestingtostudytheradialheatpropagationalongtheplasma.
However,onesingleperturbationonlyalowstoanalyzetransportin
thesurroundingareasbecauseforlongertimestheperturbationistoo
weak. Therefore,tostudyheattransportwesetpulsesatdiﬀerent
locationsandthenextracttheirtemporalevolution.
Wesetheatperturbationsatdiﬀerentradiallocations. Toavoid
interactionbetweenperturbations,eachpulseisruninadiﬀerentnu-
mericalsimulationbutalofthemarestartingfromthesameinitial
steadystateplasma. Figure4.6showsintheﬁverightpanelsthe
temporalevolutionofﬁveperturbationsinitialylocatedatr/a=0.2,
r/a=0.25,r/a=0.35,r/a=0.45andr/a=0.55respectively.The
leftpanelilustratestheaveragepoloidalﬂowatatimebeforethe
introductionoftheheatperturbations.
OnecanobserveinFig.4.6thataltheperturbationsshowdif-
ferentradialpropagation.Theinnerperturbationsseemtopropagate
slowerthantheoneslocatedatouterregionswhichisconsistentwith
experimentalresultsinotherdevices[51].Furthermore,inalofthem
theradialpropagationischangingasthepulseispropagatingandat
certainradiallocationstheperturbationseemstoslowdown.
Wesuggestthatthereasonoftheslowdownoftheperturbations
isthepresenceofaradialshearofthepoloidalﬂowdVθ/dr. The
pulseatr/a=0.20propagatesradialyoutwarduntilitisslowed
downaroundr/a≈0.28becauseintheradialregionr/a≈0.30there
isastrongshear. Thesecondpulse(r/a=0.25)ismostlytrapped
initsinitialpositionbecauseofthesameshearregionasbefore.The
perturbationinitialylocatedatr/a=0.35ispartialytrappedaround
r/a≈0.40whereanotherstrongshearregionispresent.Howeverthe
pulsestilpropagatesuntilitreachesr/a≈0.58whereitisslowed
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Figure4.6:Leftpanelindicatestheaveragepoloidalﬂowbeforethe
perturbations.Theﬁverightpanelsshowthetemporalevolutionofa
heatperturbationatr/a=0.2,r/a=0.25,r/a=0.35,r/a=0.45
andr/a=0.55.
downbecausethestrongshear.Thefourthpulse(r/a=0.45)shows
aswelradialpropagationbutitisaswelsloweddownaroundr/a≈
0.58.Finalythelastperturbationatr/a=0.55seemstobepartialy
trappedinitsinitiallocation(seeredcolorintheﬁgure)althoughit
showsalsooutwardradialpropagation.
Thereforeinalthediﬀerentcasestheradialshearoftheﬂow
hasaﬀectedtheheatpropagation. Asinsomeradialpositionsthe
pulseissloweddownorpartialytrapped,wesuggestthepresenceof
(mini)transportbarriers.InChapter7wefocusonthepoloidalﬂow
generationanditsinvolvementinthetransportbarriers.
4.5 Transferentropy
Innumericalsimulationsisrelativelyeasytoidentifyheatperturba-
tions,forexampleinthelastsectionswecouldqualitativelyanalyze
theirtemporalevolution.Howeverinfusionexperimentsthatcanbe
alaborioustaskbecauseforinstance,mostperturbativemethodsuse
amodulatedsignalinsteadofasingleperturbation[87]orsignalscan
beverynoisyduetothebackgroundplasma.Thereforeastatistical
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Figure4.7:SchematicofthecalculationofTransferEntropyforheat
transport.
analysisofthesignalsobtainedbydetectorsbecomescrucial.
Someofthetraditionalmethodsforsignalanalysisareforexample
thelinearcorrelationorconditionalaveraging.HereweusetheTrans-
ferEntropy(TE)techniquewhichwasdescribedindetailinChapter3.
TheTEmeasurestheinformationinthediﬀerentsignalsandquantify
aninformationﬂowbetweenthem.Sohavingtwosignals,thetech-
niquequantiﬁesifthepreviousinformationcontainedinonesignal
canbeusedtopredicttheothersignal.TheTEhasdemonstratedto
bearobusttechniquecomparedwithothercorrelationtechniques.
ForconveniencetheTransferEntropy(Eq.3.9)isrewrittenhere
TY→X(k)= p(xn+1,xn−k,yn−k)log2p(xn+1|xn−k,yn−k)p(xn+1|xn−k) . (4.3)
TheTEisappliedtotheresultsfromprevioussectionsinthefol-
lowingway.Inthenumericalsimulations(andintheexperiments)the
electrontemperatureismeasuredduringsometimeatdiﬀerentradial
locations.Fromeachoftheselocationsatimesignalofthetemper-
atureisobtained. Wesetasthereferencesignaltheonelocatedat
theinitiallocationoftheheatperturbation,thenweapplytheTE
fromthatreferencesignal(YinEq.4.3)toaltheothersignals.So,
inotherwords,ifwehavesignalsatdiﬀerentradiusr0,r1,r2...the
TEiscalculatedasT0→1,T0→2,T0→3...(seetheschematicinFig.4.7).
ThereforeforeachradiallocationweobtainaTEfunctionwhichis
theresultofapplyingEq.4.3fromthereferencesignalYtothetem-
peraturesignalXmeasuredintheparticularradiallocation.Althese
TEfunctions(oneTEfunctionforeachradius)canbegatheredinthe
samewayas,forexample,therightpanelinFig.4.4.
TheTEisappliedtothenumericalresultsfromthetimeevolution
oftheheatperturbationdescribedinSec.4.2.Inthiscasethereference
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Figure4.8:RightpanelshowstheTransferEntropyresultforapertur-
bationinitialylocated(whitearrow)atr/a=0.35(Fig.4.4).Theleft
panelilustratestheaveragepoloidalvelocitybeforetheperturbation.
signalwilbelocatedatthesameplaceastheinitiallocationofthe
perturbation,r/a=0.35. AltheTEfunctionsobtainedforeach
radiallocationaregatheredandplottedintherightpanelinFig.4.8.
Thewhitearrowindicatestheradiallocationofthereferencesignal
Y(andtheinitiallocationoftheperturbation)andtheleftpanelis
showingagaintheaveragepoloidalvelocitybeforetheperturbation.
NoticethatFig.4.8isshowinginformationﬂowandnottemper-
ature.So,whatareweseeing? Forexample,thehighTEareaat
r/a≈0.55andtimelag2×10−3isactualytelingthatwhathap-
penedatr/a=0.35(referencesignal)isaﬀectingatr/a≈0.55after
atimelag2×10−3.Inspiteofthefactthatweareobservinginforma-
tion,theTEisreproducingtheradialpropagationoftheperturbation
asweobservedinFig.4.4.Theinformationisﬂowingradialyoutward
andthetrappingregionaroundr/a≈0.40isalsoobserved.
TheTransferEntropyresultsfromheatperturbations,asinFig.4.8
maybeabitnoisysotoavoidthisissueweproceedasfolows. We
simulate8heatperturbationsatthesameradiallocationbutusinga
diﬀerentplasmabackground(welaunchtheperturbationatdiﬀerent
timesinthesteadystate). Theeightsimulationsarerunindepen-
dentlyandequivalentresultsareobtainedbecausetheplasmaproﬁles
arereasonablysimilaraswenoticedinSec.4.1.ThentheTEisap-
4.5. TRANSFERENTROPY 57
Figure4.9:RightpanelshowstheaverageTransferEntropyresultfor
eightperturbationslocatedatr/a=0.35(asinFig.4.8). Theleft
panelilustratesthetemporalaveragedpoloidalvelocityduringthe
steadystate.
pliedtothesenumericalresultsandtheeightcasesareaveraged.As
aconsequencetheTEresultsaremuchclearerasitcanbeseenin
Fig.4.9.TheradialoutwardpropagationisvisibleandthehighTE
areaaroundr/a≈0.4showsaswelthetrappingregion.
Now,asitwasdoneinSec.4.4,theheattransportisanalyzedat
diﬀerentradiallocationsbutthistimeusingtheTransferEntropy. We
applytheTEtothenumericaldatafromheatperturbationslocated
atdiﬀerentradialregions.Althecasesareindependentsimulations
sothereisnointeractionbetweenperturbations.
Figure4.10showsintheﬁverightpanelstheTransferEntroppy
resultsforheatperturbationsinitialylocated(whitearrow)atr/a=
0.20,r/a=0.25,r/a=0.35,r/a=0.45andr/a=0.55respectively.
Theleftpanelisthetemporalaveragedpoloidalvelocity.Forabetter
visualization,theTEisnormalizedineachpaneltoitsmaximum,in
particularthemaximumvaluesare0.3,0.25,0.15,0.25,and0.15.In
alcasestheinformationﬂowisshowingasimilarpropagationtothe
oneexhibitedbythetemperaturedata(seeFig.4.6).
Aradialoutwardpropagationisobservedinalperturbationsin
Fig.4.10anditseemsthatradialtransportisfasterintheouterloca-
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Figure4.10:Leftpanelshowsthetemporalaveragedpoloidalveloc-
ity.Therightﬁvepanelsshowtheheatevolution,usingtheTransfer
Entropy,ofﬁveperturbationsatdiﬀerentradiallocations.
tions.Againweobservetrappingregionswhicharecharacterizedbya
highTEhorizontalyextended.Aswesuggestedbefore(Sec.4.4)the
trappingregionsshouldberelatedtothepresenceofminitransport
barriers.Thesebarriers,asweanalyzeinChapter7,maybeduetothe
radialshearinthepoloidalﬂow.Theheatperturbationsaretrapped
orsloweddownaroundtheseareasandtheTransferEntropycaniden-
tifytheseregions.Forexample,atrappingregionsisobservedaround
r/a≈0.28inthesecondandthirdpanel.Anotherregionwherethe
perturbationsseemtoslowdownisaroundr/a≈0.38,visibleinthe
second,thirdandfourthpanels.Inr/a≈0.6anothertransportbar-
rierisseeninthesixthpanel. Althesetrappingareasarelocated
nextto(orinto)aradialshearregion.
4.6 Cross-correlation
Oneofthegoalsofthischapter,andthisthesis,istoshowthatthe
TransferEntropyisaviabletechniquetostudyheattransportinFu-
sionplasmas.Thereforeweshouldcompareitwithotherapproaches.
Inthissectionweapplythecross-correlation(CC)techniquetoour
numericalsimulationsandcompareitwiththeTEresults.
Thecross-correlationisatechniquewhichindicatesthesimilarity
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Figure4.11: Leftpanelshowstheaveragedpoloidalvelocity. The
rightpanelshowstheCrosscorrelationresultsforaheatperturbation
inr/a=0.35(whitearrow).
betweentwofunctions(fandg).Sobasicalyitcomparestwotime
signalsandcandetectsimilar“events”inprevioustimes.Thecross-
correlationfunctionisdeﬁnedas
f g=
∞
−∞
f∗(t)g(t+τ)dt (4.4)
wheref∗indicatesthecomplexconjugateoffunctionfandτisthe
timelag.
Hereweapplythecross-correlationtothenumericaldataobtained
fortheheatperturbationinitialylocatedinr/a=0.35(seeSec.4.4).
AsintheTEexample,theCCisappliedfromareferencesignaltoal
theothersignalsateachavailableradiallocation.Figure4.11shows
intherightpanelthecross-correlationresults. Wecanobserveahigh
CCareaaroundr/a≈0.40whichisasimilarresulttotheTEin
Fig.4.9.Itcorrespondstoatrappingregion.Howevernomuchmore
informationcanbeextractedfromFig.4.11,theradialpropagation
isnotclearandonlyisvisibleinashortradialregion. Therefore
theTransferEntropyismoresuitableforthestudyofheattransport.
Inexperiments,whereismorediﬃculttoidentifyperturbations,the
TransferEntropycanbeevenmoreuseful.
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Figure4.12: Rotationaltransformforthe magneticconﬁguration
10046inTJ-II. Mainrationalsurfacesareindicatedwithvertical
lines.
4.7 Magneticconﬁguration10046
AlthepreviousresultsinthischaptercorrespondtoaTJ-IIplasma
usingthestandardmagneticconﬁgurationcaled10044.Thenumer-
icalresultssuggestedthattheaveragepoloidalﬂowgeneratedinthe
plasmawasaﬀectingtheheattransport.Sincetheﬂowispartlydeter-
minedbythepositionofrationalsurfaces(seeChapter7),itisgoing
tobeinterestingtoperformthesameanalysisbutunderadiﬀerent
magneticconﬁguration.
IntheTJ-IIdevicethecurrentinthediﬀerentcoilsdeterminethe
magneticconﬁgurationsothelocationofmainrationalsurfacescan
bemodiﬁedthroughthatcurrent.Inthissectionwestudytheheat
transportinaplasmaunderthemagneticconﬁguration10046(see
rotationaltransforminFig.4.12).Intheseconﬁgurationwehave
mostoftheloworderrationalsfromthestandardconﬁgurationbut
theirlocationshavebeendisplaced.Forexamplethe8/5islocatedin
aninnerradialpositionandthe5/3appearsattheedge.Therefore,
havingadiﬀerentconﬁgurationwilalowadiﬀerentpoloidalﬂow
4.7. MAGNETICCONFIGURATION10046
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Figure4.13:Density(solidgreenline)andelectrontemperature(dot-
tedredline)proﬁlesatthesteadystateinthe10046magneticcon-
ﬁguration. Mainrationalssurfacesareindicatedbyverticaldashed
lines.
proﬁle.
4.7.1 Steadystateplasma
Beforestartingwiththeanalysisofheattransportweneedasteady
stateplasma.TheplasmaismodeledusingthesameresistiveMHD
model(describedinSec.2.3.5)whichmaininstabilitiesaretheinter-
changemodes.Obviously,thistimetheplasmaissimulatedusingthe
magneticconﬁguration10046. Theparametersusedinthesimula-
tionsarethesameas10044.
Again,asthevariablesaredecomposedinFouriercomponents,we
useinthenumericalsimulationsonlytheresonanthelicitiescorre-
spondingtotheqproﬁleuptom=100.Theseconditionimpliesthat
528angularcomponentsareused.
Modelequations(Sec.2.3.5)arenumericalyadvancedandaftera
transienttimetheplasmareachesasteadystate.Theelectrontemper-
atureanddensityproﬁlesatthesteadystateareshowninFig.4.13.
Theverticallinesareindicatingthepositionofthenewrationalsur-
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Figure4.14:Temporalaveragedpoloidalvelocityatsteadystate(solid
greenline)frothe10046magneticconﬁguration.Dashedanddotted
linesindicateonestandarddeviationfromthemeanvalue.
faces. Notethatthetemperatureanddensityproﬁlesarenotstatic
andtheyareevolvingintime. Althoughasourcetermisaddedto
keeptheproﬁlesstableduringthesteadystate,theproﬁlesarenot
constantandcanchange.Howeverforouranalysistheproﬁlescanbe
takenmostlyconstant.
Atthesteadystateapoloidalﬂowispresentintheplasma.Figure
4.14showsinsolidlinethetemporalaveragedpoloidalﬂow.Thetem-
poralrangeofthetheaverageismuchlongerthananyofourstudies
(∼0.05tR).Thedashedanddottedlinesrepresentone(positiveand
negative)standarddeviationfromtheaverage.Onecanobservethat
thereisnomuchvariationofthepoloidalﬂow,itoscilatesaround
an“equilibrium”value.Thereforeduringoursimulationsthepoloidal
velocityistakenalmostconstant.
4.7.2 Heatperturbations
Heattransportina10046TJ-IIplasmaisanalyzedfolowingthesame
approachasprevioussections.Oncetheplasmaisinthesteadystate,
aheatperturbationissetatsomeradiallocationanditstemporal
evolutionisstudied. Thepropagationoftheheatpulseisexamined
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Figure4.15:Leftpanelindicatestheaveragedpoloidalﬂowbeforethe
perturbations.Theﬁverightpanelsshowthetemporalevolutionofa
heatperturbationatr/a=0.25,r/a=0.30andr/a=0.35.
ﬁrstobservingthepropagationoftemperatureoftheperturbation
itselfandthenusingtheTransferEntropy.
Wearegoingtosetheatperturbationsatcertainlocationsaswe
didinSec.4.2.Notethattheperturbationshavetobesmalenoughto
keeptheplasma“stable”.Herethreeheatperturbationsarelaunched
atthreeradiallocationswiththesamesteadystateplasmabutin
independentsimulations.Figure4.15showsinthethreerighthand
sidepanelsthetemporalevolutionoftheheatperturbationsinitialy
locatedatr/a=0.25,r/a=0.30andr/a=0.35respectively.Theleft
panelshowstheaveragepoloidalvelocityjustbeforetheperturbation.
ThethreeperturbationsinFig.4.15areexhibitingaradialoutward
propagationbutnotatthesamerateineachcase.Thereareradial
regionswheretheperturbationsseemtobesloweddownortrapped.
ForabetteranalysiswewilusetheTransferEntropy.
TheTransferEntropyisappliedtothenumericalresultsinthe
samewayasitwasdoneinSec.4.5. TheTEiscalculatedfroma
referencetemperaturesignalintheinitialradiallocationofthepulse
tosignalsatdiﬀerentradius. TheTEresultsareaveragedover6
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Figure4.16:Leftpanelshowsthetemporalaveragedpoloidalvelocity.
Thethreeﬁvepanelsshowstheheatevolution,usingtheTransfer
Entropy,ofthreeperturbationsatdiﬀerentradiallocations.
independentsimulationswithdiﬀerent(butverymuchalike)plasma
backgroundinordertohaveabetterrepresentationoftheTE.Figure
4.16isshowingtheTEresultsfromtheperturbationsdescribedin
Fig.4.15. Theleftpanelisshowingthetemporalaveragedpoloidal
velocity(sameasFig.4.14),theotherthreepanelsshowtheTEresults
ofaheatperturbationinitialylocatedatr/a=0.25,r/a=0.30,
r/a=0.35respectively(whitearrow). Althecases,asexpected,
showaradialpropagationbutatcertainlocationhighhorizontalTE
areasindicatearegionwheretheperturbationistrapped.Intheﬁrst
perturbationatrappingregionisobservedaroundr/a≈0.3which
maybecausedbytheradialshearofthepoloidalﬂowaroundthat
areaandthestrongshearjustaheadatr/a≈0.40.Inthesecond
perturbationasmaltrappingregionappearsaroundr/a≈0.35just
beforethestrongradialshearinr/a≈0.40. AnotherhighTEare
appearatr/a≈0.65whichisaconsequenceoftheverystrongradial
shearjuststartinginthatpoint.Inthethirdpanelthesametrapping
regioninr/a≈0.65ispresent,furthermoreanothertrappingregion
seemstoemergeatr/a≈0.4duetotheradialshearinthatlocation.
4.8. EXPERIMENTALRESULTS 65
4.8 Experimentalresults
ExperimentsintheTJ-IIstelaratorhavereportedsimilarconclusions
tothenumericalsimulationspresentedinthischapter.Inasimilar
way,theTransferentropywasappliedtotheelectrontemperature
signalsinaperturbativemethod(inthiscaseperturbationsinduced
bytheheating).Itwasfoundthatpropagationofperturbationwas
notsmoothandtrappingareaswereidentiﬁed. Herewesummarize
theexperimentalresultsinRef.[1].
Intheexperimenttheplasma,indiﬀerentdischarges,isheated
bytheElectronCyclotronResonantHeating(ECRH).Theaverage
electrondensityisn¯e=0.5·1019m−3andtheelectrontemperature
isapeakedfunctionwithamaximumatr/a=0approximatelyof
1KeV.TheTJ-IIhas12ElectronCyclotronEmission(ECE)channels
whichmeasurethelocalelectrontemperatureat12diﬀerentradial
locations[36].
ThecurrentintheexternalcoilsinTJ-IIalowstodeterminethe
magneticconﬁgurationinthedevice.InRef.[1]severaldischarges
wereperformedusingdiﬀerentconﬁgurationswithsimilarplasmapa-
rameters.
TheECRHisdepositingenergyinthecoreandspontaneoustem-
peratureﬂuctuationscanoccur[88,89]. Theseperturbationsmay
leadtoaradialoutwardpropagationofthemselvesorasacascade
[90].TheTransferentropyisusedinordertoidentifythetransportof
thesespontaneousperturbations.Notethat,incontrasttoournumer-
icalresults,thereareseveralperturbationsoccurringinthedischarge
andnotonlyoneasinthesimulations.
TheTransferEntropyisappliedtotheelectrontemperaturesig-
nalsinthesamewayasthenumericalsimulationsinthischapter.A
referencesignalisset(hereatρ=r/a=0)and,usingEq.4.3,the
TEisappliedfromthatreferencesignaltoaltheothersignalslocated
atdiﬀerentradiallocations.TheTEresultsareaveragedforseveral
dischargeswithsamecharacteristics.
Figure4.17isshowingtheTransferEntropyresultsfordischarges
usingthemagneticconﬁguration10044(seeFig.4.1).Thereference
signalissetatρ=r/a=0andthehorizontaldashedlinesindicatethe
locationofthemainrationalsurfaces.Thewhitedotsintheradialaxis
displaytheradiallocationoftheECEdetectors.Theﬁgurehasbeen
obtainedaveragingover29discharges.Aradialyoutwardpropagation
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Figure4.17:Transferentropyofheatperturbationsforthemagnetic
conﬁguration10044. Horizontaldashedlinesindicatemainrational
surfaces.
isclearlyobservedintheTE.Furthermore,twotrappingregionsare
observedinρ≈0.3andρ≈0.55whereahighTEvalueisextended
horizontaly.Aredarrowindicatesa“step”intheradialpropagation
asithasbeenobservedinthenumericalresults.
Similarlythesamestudycanbedonefordischargeswiththe10050
magneticconﬁguration.Figure4.18isilustratingtheTEresults.The
referencesignalissetalsoatρ=0. Againweobservearadialout-
wardpropagationoftheperturbationsandatrappingregionisvisible
aroundρ≈0.55.
Reference[1]analysestheTEforothermagneticconﬁgurationand
analogousresultswereobtained.TheTEwasabletodetectaradial
propagationandthelocationoftrappingregions.Inthatpublication
itwassuggestedthatthe“jumps”andtrappingregionswereduethe
presenceofrationalsurfaces.Howeverinournumericalsimulationswe
observedthattheradialshearofthepoloidalﬂow(whichisconnected
withthepositionoftherationalsurfaces)isthepossibleexplanation
forthetrappingregions.
4.8. EXPERIMENTALRESULTS 67
Figure4.18:Transferentropyofheatperturbationsforthemagnetic
conﬁguration10050.
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Chapter5
Heatpropagationin W7-X
InthisChapterweapplythesameapproachto W7-Xplasmasas
wedidinChapter4forTJ-II.Usingaperturbativemethod,heat
transportisanalyzedinnumericalsimulations,thentheresultsare
comparedwithexperiments. TheTransferEntropy(TE)becomes
againausefultechniquetostudyheattransport.
W7-Xstelator,astheTJ-IIdevice,hasalowmagneticshearwhich
oﬀersalowdensityofloworderrationalsurfaces.Hence,theanalysis
oftheimpactofthesesurfaces(andtheﬂowassociatedtothem)in
heattransportisclearer.
SimilarlytoChapter4,aW7-Xplasmaissimulatedusingtheresis-
tiveMHDmodel(seeSec.2.3.5)whichmaininstabilitiesarepressure-
drivenmodes.Oncetheplasmareachesthesteadystate,heatpertur-
bationsaresetintheplasmaandtheirtimeevolutionisanalyzedusing
theTransferEntropytechnique.TheTEresultsareusedtodescribe
theheattransport. Asinthepreviouschapter,transportexhibitsa
nondiﬀusivebehaviorwithradialareasoffasttransportandother
areaswheretheperturbationsaresloweddown. Soheattransport
seemstobedependentontheradiallocationandtheradialshearof
thepoloidalﬂowmaybethecause.
Finaly,inSec5.3,thenumericalsimulationsarecomparedwith
experimentalresults.Electrontemperaturesignalsfromdiﬀerentdis-
chargesintheﬁrstcampaignof W7-XwereanalyzedusingtheTrans-
ferEntropy. Bothnumericalandexperimentalresultsexhibitsame
conclusions.
PartofthecontentofthischapterhasbeenpublishedinRef.[3]:
B.PhvanMiligen,U.Hoefel,J.H.Nicolau,M.Hirsch,L.Garc´ıa,B.A.
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Figure5.1: Rotationaltransformforthe“standard”magneticcon-
ﬁgurationintheﬁrstcampaignin W7-X.Mainrationalsurfacesare
indicatedwithverticallines.
CarrerasandC.Hidalgo. “Studyofradialheattransportin W7-X
usingthetransferentropy”.Nucl.Fusion58,076002(2018).
5.1 Steadystateplasma
Beforeapplyingtheperturbative methodasteadystateplasmais
needed.UsingtheMHDmodeldescribedinSec.2.3.5aW7-Xplasma
issimulated. Weusethestandardmagneticconﬁguration(seeFig.5.1)
frequentlyusedintheexperimentaldischarges.Theinitialdensityand
electrontemperatureproﬁlesaretakenfromtheexperimentalresults
[3].
ThenumericalcodeFARdecomposesthevariablesinaFourier
expansionwheremandnarethepoloidalandtoroidalnumbersre-
spectively. Onlytheresonanthelicitiesaccordingtotheι-proﬁleare
added. Wedecidetoincludealtheresonanthelicitiesuptom=100
whichgivesatotalnumberofangularcomponentsof425.Themaxi-
mumvalueofmisnotarbitrarybutitisalargevaluewhichguarantees
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Figure5.2:Density(solidgreenline)andelectrontemperature(dot-
tedredline)proﬁlesatthesteadystate. Mainrationalssurfacesare
indicatedbyverticaldashedlines
thatresistiveinterchangeturbulenceissaturatedthroughdissipation
[61].
TheparametersusedinthecodeareS=1.9×106,β0=10−3,
ω¯∗e=2×10−4andω¯ci=500. Thediﬀusivityparametersusedare
D⊥ =0.1a2/τR,χ⊥ =1.0a2/τR andµ=0.05a2/τR. Theparalel
electronheatconductivityisχ =2×106a2/τR.Thediﬀusivitiesfor
theaveragedtemperatureanddensityevolutionareD0⊥=0.3a2/τR
andχ0⊥=0.2a2/τR.Thecolisionalﬂowdampingrateisµˆ=40τ−1R .
Usingthatparametersinthemodel,theequations(Sec.2.3.5)are
numericaladvanceduntilasteadystateisreachedbytheplasma.
Figure5.2ilustratesthedensity(solidline)andelectrontemperature
(dottedline)proﬁlesatthesteadystate.Asourcetermisincludedin
themodeltokeeptheseproﬁlesinastationarystate.Theproﬁlesare
notconstantbuttheirchangesarenegligibleinthepresentstudy.
Inthenextsectionheattransportwilbeanalyzedtogetherwith
theaveragepoloidalﬂowVθ wherethebracketsindicateapoloidal
andtoroidalaverage.Inourstudiestheﬂowisstationaryandﬂuctu-
atesaroundanequilibriumproﬁle.Figure5.3isshowingatemporal
averageofthepoloidalﬂow Vθt. Thetemporalaveragehasbeen
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Figure5.3:Temporalaveragedpoloidalvelocityatsteadystate(solid
greenline).Dashedanddottedlinesindicateonestandarddeviation
fromthemeanvalue.
calculatedfora∆t=0.05tR whichisatimemuchlongerthanany
ofourstudies.Thesolidlinerepresentsthetemporalaverageandthe
dashedanddottedindicateonestandarddeviationσfromthataver-
agesothedistancebetweenthetwolinesis2σ.Fromthatﬁgurewe
canconcludethattheﬂuctuationsinthepoloidalﬂowmustbesmal.
5.2 Heatperturbations
HeattransportisanalyzedfolowingsimilarproceedingasinChapter
4. Wesetaheatpulseinoursteadystateplasmaandthenstudyits
temporalevolution.Thepulsemustbesmaltonotperturbinexcess
theplasmabutatthesametimelargeenoughtobeabletoanalyzeits
evolution.Consequently,weuseperturbationswithaGaussianshape
withamaximum∆Te=1.5andwidthσ2=0.005.
Fivesimulationsarerunindependentlyandaheatperturbation
issetineachone. Eachperturbationislocalizedinadiﬀerentra-
diallocationinordertoanalyzetransportindiﬀerentradialregions.
Figure5.4showsintherightﬁvepanelsthetimeevolutionofthe
perturbationsinitialylocatedatr/a=0.2,r/a=0.25,r/a=0.35,
r/a=0.45andr/a=0.55respectively. Thetemperatureproﬁle
justbeforeintroducingtheperturbationshasbeensubtractedtoplot
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Figure5.4:Leftpanelindicatestheaveragepoloidalﬂowbeforethe
perturbations.Theﬁverightpanelsshowthetemporalevolutionofa
heatperturbationatr/a=0.2,r/a=0.25,r/a=0.35,r/a=0.45
andr/a=0.55.
onlytheevolutionofpulses.Theleftpanelisilustratingtheaverage
poloidalﬂowbeforetheperturbations.
AltheperturbationinFig.5.4exhibitanoutwardradialpropa-
gation,howeverthatpropagationisdiﬀerentineachcase.Notethat
theouterperturbationsseemtopropagatefasterthantheinnerones
whichisconsistentwithexperimentalresultsinotherdevices[51].
Moreover,astimeadvancestheperturbationspropagatebutatcer-
tainradiallocationthepropagationseemstoslowdown.
Thewaythatpropagationchangesatdiﬀerentradiallocationssug-
gestedusthatthereasonmightbethepresenceofaradialshearinthe
poloidalﬂowdVθ/dr. Forexampleinr/a≈0.32thepropagation
seemstoslowdownintheﬁrstandsecondperturbation.Inthethird
perturbation,thereisradialpropagationbutpartoftheperturbation
seemstobetrappedaroundtheinitialradiallocation(whereahigh
shearintheﬂowispresent).Fourthandﬁfthperturbationsexhibit
atrappingregionaroundr/a≈0.58whereasmal(butradialyex-
tended)shearregionappears.InSec.5.2.1theTransferEntropywil
beappliedtothisnumericaldataandthisbehaviorwilbecomemore
evident.
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5.2.1 TransferEntropyanalysis
HereweapplytheTransferEntropytechniquetothenumericalresults
inFig.5.4ofheatperturbationsina W7-Xplasma. Thetechnique
wasintroducedinChapter3andithasbeenalreadyappliedtothe
numericalresultsinTJ-IIplasmasinSec.4.5.
TheTransferEntropyisabletoquantifytheinformationﬂowfrom
twosignals.Essentialyitmeasurestheinformationcontainedinboth
timesignalsandidentifyifpreviousinformationisaﬀectingtopresent
events.HavingtwosignalsX=(x1,x2,...)andY=(y1,y2,...)the
TransferEntropyquantiﬁestheamountofinformationinbitswhich
signalX canbepredictedusingnotonlytheinformationinX but
alsotheinformationcontainedinY.
Aswearefocusedinheattransport,weareinterestedinhowper-
turbationsarepropagatingintime.Inournumericalsimulations(and
inexperiments)wemeasuretheelectrontemperatureforcertaintime
atvariousradiallocationsandwewanttoanalyzehowaperturbation,
initialylocatedatsomeradius,isaﬀectingotherradiallocationsatfu-
turetimes.TodosuchanalysistheTEcanbeappliedfromthesignal
locatedtotheinitialradiallocation(Y)totheothersignalestablished
inadiﬀerentlocation(X).SotheTEshouldbeabletoidentifyifthe
perturbation(initialyobservedinY)isaﬀectingatfuturetimesthe
temperaturevaluesintheradiallocationofX.
ThereforetheTransferEntropycanbeappliedfromthereference
signalY(setintheinitialradiallocationoftheperturbation)todif-
ferentsignalsXcorrespondingtothetimesignaloftemperatureat
diﬀerentradiallocations. Thisapproachcanbeappliedtothenu-
mericalsimulationsfromFig.5.4foreachperturbationcase.TheTE
resultsareplottedintheﬁverightpanelsinFig.5.5whichcorre-
spondtotheperturbationsinitialylocatedatr/a=0.2,r/a=0.25,
r/a=0.35,r/a=0.45andr/a=0.55respectively.Thewhitearrow
indicatestheradiallocationofthereferencesignalintheTEcalcula-
tionwhichissetinpurposeintheinitiallocationoftheperturbations.
TheTEresultsineachpanelhasbeenaveragedforsixindependent
simulationsofaperturbationwithsimilarbackground(sameaswedid
inSec.4.5)
TheTEresultsfromFig.5.5showhowtheinformationispropa-
gatedduringtheevolutionoftheheatperturbations.However,despite
ofseeinginformationﬂowing,theresultsareshowingthesameprop-
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Figure5.5:Leftpanelshowsthetemporalaveragedpoloidalveloc-
ity.Therightﬁvepanelsshowtheheatevolution,usingtheTransfer
Entropy,ofﬁveperturbationsatdiﬀerentradiallocations.
agationasthepulses. Altheperturbationsshowaradialoutward
propagation,althoughtheouteronesexhibitafasterpropagationthan
theinnerones.FurthermorewecanidentifysomehighTEareasex-
tendedhorizontalywhichindicateatrappingzone.Theappearance
ofthesetrappingareassuggestthepresenceof(mini)transportbar-
riers.Thegenerationoftheseminitransportbarriersmaybeduethe
radialshearinthepoloidalﬂow.
TheﬁrstperturbationinFig.5.5showsatrappingregionaround
r/a≈0.25probablybecausethestrongﬂowshearinr/a≈0.28.
Intheﬁrst,secondandthirdperturbationatrappingregionappears
aroundr/a≈0.37whereastrongshearispresent.Fourthandﬁfth
perturbationsshowahighTEareabutpropagatingoutwards.How-
ever,theﬁfthperturbationshowsatrappingregionaroundr/a≈0.6,
whosereasonseemstobetheweakshearbutforanextendedradial
region.
5.3 Experimentalresults
Herewesummarizesomeoftheexperimentalresultspublishedin
Ref.[3].InthatworktheTransferEntropywasappliedtoexperimen-
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taldatafromelectrontemperaturemeasurementsintheﬁrstcampaign
in W7-X[39].Theapproachusedissimilartothenumericalsimula-
tionspresentedinSec.5.2,usingaperturbativemethod(perturba-
tionsinducedbytheexternalheating)theTEisappliedtothedata
toanalyzeheattransport.Theexperimentalresultsexhibitanalogous
conclusions.
Inthediﬀerentanalyzeddischargestheplasmaisheatedbythe
ElectronCyclotronResonantHeating(ECRH).Thedensitywaslow
n¯e=1∼2·1019m−3andthepowerdepositedbytheERCHwasof
theorderPECRH=0.6∼2MW whichalowapeakedtemperature
proﬁlewithamaximumof4∼5KeV.The W7-Xdevicecontains32
ElectronCyclotronEmission(ECE)channelscoveringalargeradial
regionwhichmeasurethelocalelectrontemperature[91,92].
Theexternalcoilsgeneratethemagneticconﬁgurationin W7-X.
Inthisworkdiﬀerentmagneticconﬁgurationswereanalyzed.Inspite
ofthefactthatinthedischargesthepressureandthe(bootstrap)
currentswerelow,theexperimentaldatawasanalyzedtakingintoac-
countthattheiotaproﬁlecouldbeslightlydeviatedfromtherational
surfacesinvacuum.
DuringtheECRHheating,spontaneousheatperturbationsmay
appearinthedischarges[89]andcanpropagateoutward. Usingthe
TransferEntropyitwaspossibletoanalyzetheseperturbationsand
theirradialpropagationintheplasma.
Theapproachintheexperimentisidenticaltothenumericalsim-
ulationsinthischapter. Theelectrontemperatureismeasuredat
diﬀerentradiallocationsduringECRHdischarges.TheTransferEn-
tropyisappliedtothetemperaturesignalsaswedidinSec.5.2.1.
Figure5.6isshowingtheTEresultshavingthereferenceprobeat
ρ=r/a=0.2. Theverticalaxisrepresentstheradialdirectionand
thewhitedotsonitshowthepositionoftheECEdetectors. The
horizontalthindashedlinesindicatethelocationofthemainrational
surfaces. Duringthisdischargethestandardmagneticconﬁguration
wasused(sameasinthenumericalsimulations).
ThehighTEareasinFig.5.6showaradialoutwardpropaga-
tionandoneofthepossiblepathsisemphasizedwithathickdashed
curve.Theheattransportseemstobenotsmoothandtrappingre-
gionsappearinthehighTEareasinρ=0.4andρ=0.7.Theheat
transportseemsto“jump”betweenthesetrappingregionsbecause
betweenthemtheTEislow.
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Figure5.6: Transferentropyofheatperturbationsforthestandard
magneticconﬁguration.Horizontaldashedlinesindicatemainrational
surfaces.
Figure5.7isshowingtheTEresultsforanotherdischargebutusing
adiﬀerentmagneticconﬁguration.Forthisconﬁguration(caled“3”
inRef.[3])therationalsurfacesareshifted,thedashedhorizontal
linesindicatethenewlocations. Againweobservearadialoutward
propagationwithstagnationregions. Thickdashedcurveshighlight
thepathsoftheradialpropagation.
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Figure5.7:Transferentropyofheatperturbationsforadiﬀerentmag-
neticconﬁguration.
Chapter6
Quantifyingtransport:
Eﬀectivediﬀusivity
InChapters4and5heattransportintwostelaratorswasanalyzed
usingtheTransferEntropy(TE)technique.Howevertheanalysiswas
onlydonequalitatively,wecouldonlyidentifywhethertheradialprop-
agationwas“faster”or“slower”andthepresenceoftrappingregions.
So,thefolowingquestionarises:cantheTransferEntropyquantify
heattransport?InthisChapterweproposeanapproach,basedonthe
TEtechnique,toestimateaneﬀectivediﬀusivityinFusionPlasmas.
Heattransportinmagneticalyconﬁnedfusionplasmashasbeen
animportantissuefordecades.Experimentalobservationshaveshown
thattransportcannotbeexplainedwithintheclassicaltransportthe-
oryasitobeysanon-diﬀusivebehaviour[93].Onepossibleapproach
istouseeﬀectivediﬀusivitiestoquantifytransport.Theseapproach
“averages”transportinacertainregionandestimatesaneﬀectiveco-
eﬃcient(diﬀusivitty)whichreproducesasimilarbehaviorwithinthe
diﬀusivetheory.
Inthespiritofthe“q-comb”model[94,95],hereweuseanap-
proachwhichassumesthattheheatdiﬀusivityisalocalquantityand
dependsontheradialposition.Soforasmalradialintervalthedif-
fusivityisaconstant.Asaresult,weobtainaheatdiﬀusivitywhich
isafunctionoftheradius.UsingtheTransferEntropyandperturba-
tivemethods,alocaleﬀectivediﬀusivityisestimatedforsmalradial
regionsinsimulationsofTJ-IIplasmas.
Todemonstratetheeﬀectivenessofourapproach(basedonthe
TE),itisappliedﬁrsttoaknowndiﬀusivemodel. Thenitisused
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innumericalsimulationsofTJ-IIplasmafortwodiﬀerentmagnetic
conﬁgurations. Theeﬀectivediﬀusivitiesyieldedfromthisapproach
arecomparedwiththeonesobtainedfromlocalquantities(ﬂuxand
gradient).
MostofthecontentinthisChapterhasbeenpublishedinRef.[4]:
J.H.Nicolau,L.Garc´ıa,B.A.CarrerasandB.PhvanMiligen.“Appli-
cabilityofTransferEntropyforthecalculationofeﬀectivediﬀusivity
inheattransport”.Phys.Plasmas25,102304(2018).
6.1 TransferEntropyapproach
Adiﬀusivemodelinonedimensionisdescribedbythefolowingex-
pression
∂Te
∂t=D
∂2Te
∂r2. (6.1)
wheretheconstantDisthediﬀusivityandTeisthequantitywhichis
diﬀusing(forconveniencetemperature).Thesolutionofthisequation
isthewelknownprobabilitydistributionfunction
P(r,t)= 1√2πσ2e
− r22σ2 (6.2)
wherethevarianceisσ2=2Dt.Theaverageofrintegratingfromthe
centeroftheperturbationis
r=
∞
0
rP(r,t)dr= 4Dtπ. (6.3)
ThesegeneralresultsareonlyvalidifthediﬀusivityDisconstant
throughoutthesystemandintheabsenceofotheringredients(such
asconvectionandspeciﬁcboundaryconditions).Thatisneitherthe
caseinFusionplasmasnorournumericalsimulations. Howeverwe
proposeanapproachwhereweassumethatDisconstantforasmal
radialregionand,thereforeEq.6.3isvalidinthatregiontoo.
Inthisapproach,aperturbationisintroducedataspeciﬁcradial
locationandthenitstimeevolutionisanalyzed.Astheperturbation
isdiﬀused,itsamplitudedecays. Thetransferentropyisusefulto
circumventthisproblem,asitvisualizesthepropagation,regardless
oftheamplitudeofthesignal.InspiteofthefactthatTEdoesnot
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measureheatpropagationdirectly,itisstilagoodrepresentationof
thegeometricevolutionoftheperturbation.Thiswasalreadyshown
inthemodulationexperimentsreportedinRef.[3]. Thus,itshould
bepossibletoextractaneﬀectivediﬀusivityDthatisjustameasure
ofthisgeometricexpansion.
Inthenextsections,weareabletocomparethisestimateofan
eﬀectiveDwithother,moretraditionaltechniques. Notethatthe
averageorstandarddeviationoftheperturbedquantitiesdoesnot
providegoodresults,duetothefactthatDisnotconstantacrossthe
system.Intheapproachproposedhere,wecalculate
r=
rTEdr
TEdr
(6.4)
fromtheTEresults,butonlyoversmalradialintervals,assuming
thatthediﬀusivityisconstantinthoseintervals.
6.2 Applicability
6.2.1 Diﬀusive model
ToilustratethemethodbasedontheTEapproach,itisﬁrstapplied
toacylindricalsystemwherethediﬀusionequation(Eq.6.1)becomes
∂Te
∂t=
1
r
∂
∂r rD
∂Te
∂r . (6.5)
Thediﬀusioncoeﬃcientinthissystemisdeﬁnedas
D=


D0, 0≤r<0.5
10D0,0.5≤r≤0.6
5D0, 0.6<r≤1
andD0=10−8inournumericalsimulations.Inthisway,thesystem
hasthreeregionswithconstant(butdiﬀerent)diﬀusivity.
Usingasourcetomaintainasteadystateproﬁle,aperturbation
isintroducedatr=0.25anditstemporalevolutionisstudied.The
82 CHAPTER6. QUANTIFYINGTRANSPORT
Figure6.1:TransferEntropyforaperturbationlocatedinr=0.25
inthediﬀusivemodel. Verticalarrowsindicatetheactualvaluesof
diﬀusivityinthatradialregion.
TransferEntropyiscalculatedfromthelocationofthepulsetoal
otherradialpositions(similarasitwasdoneinSec.4.5)
Figure6.1showstheTransferEntropyilustratingtheradialprop-
agationoftheperturbation. Thewhitearrowindicatestheinitial
locationofthepulseandthereferencesignal.Redhorizontaldashed
linesilustratetheboundariesbetweenregionswithsamediﬀusivity.
Theverticalarrowsshowtherealdiﬀusivityvalueinthatradialre-
gion.Theradialpropagationoftheperturbationisclearlyseeninthe
TransferEntropy.Furthermorethepropagationchangesastheper-
turbationcrossestheboundarywithadiﬀerentdiﬀusivity.Asecond
traceinTEathighertimelaginFig.6.1isassociatedwithmodiﬁca-
tionsandnonlinearresponsesoftheequilibriumtothepropagationof
thepulse.
Nowwetakesmalradialintervalsandcalculatethe r using
Eq.6.4.Ingeneraltheintervalsmustbesmalerthantheactual
regionsofvariationofDtoavoidmixingtheeﬀectofvariousDval-
ues.Hereweusediﬀerentradialintervalsofthesamesize∆r=0.05a.
Figure6.2showstheresultsofthatmethodappliedtotheperturba-
tioninFig.6.1.Initialy,thercurvesarehorizontal,showingonly
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Figure6.2: Average r,calculatedoversmalradialintervals,asa
functionofthesquaredrootoftime,fromtheTransferEntropyresults
inasimplediﬀusivesystem. Arrowsindicatethepresetvaluesof
diﬀusivityD andtheircorrespondingregions. Foreachcase,aﬁt
lineisshown,fromwhichaneﬀectivevalueofthediﬀusivitycanbe
obtained.ThebackgroundshowstheTransferEntropy.
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Figure6.3:Comparisonbetweeneﬀectivediﬀusivitiesobtainedfrom
theTransferEntropy(reddots)andthepresetmodeldiﬀusioncoeﬃ-
cients(greendashedline).
theaverageoftheintervalbecausethepulsehasnotarrivedyet.The
transferentropyisplottedinthebackground,ilustratingtheradial
propagationoftheperturbation.Alcurvesshowalinearvariationat
timesthatmatchthe“arrival”oftheperturbationinthecorrespond-
ingregion. Astraightlineisﬁttedtothecurvesand,usingEq.6.3,
correspondingvaluesofDareobtained.
ThevaluesofDobtainedfromFig.6.2arenowcomparedin
Fig.6.3,wherethereddotsrepresentthevaluesobtainedusingthe
transferentropytechniqueandthedashedlineistheactualdiﬀusion
coeﬃcientinthemodel.TheerrorsintheTEcurveareobtainedas
folows.Thehorizontalerrorisnotanactualerrorbuttheradialin-
terval(theverticaldirectioninFig.6.2)ofthelinearﬁt.Thevertical
errorismorecomplexasitexhibitstheeﬀectofchoosingtheregion
toﬁtanditsimpactontheDcalculation.Theerrorisobtainedusing
themaximumlikelihoodmethod[96]andittakesintoaccountalthe
reasonablelinearﬁttingsintheregionofinterest.ThelikelihoodLis
deﬁnedas
logL(imin,imax)=
imax
imin
−(y(i)−yﬁt(i))
2
2(∆y(i))2 (6.6)
where[imin,imax]isthe√tinterval(thehorizontaldirectioninFig.6.2)
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wherethelinearﬁtismade.So,aperfectﬁtsuchthaty(i)=yﬁt(i)
wouldyieldlogL=0. FromalthediﬀerentvaluesofLwepick
theoneswhichL>max(L)/e,thenweaveragealtheslopevalues
satisfyingthisconditiontogettheﬁnalslopefortheDcalculation.
Theerrorisobtainedfromthestandarddeviationofthisaverage.
TheeﬀectivediﬀusivitiesobtainedfromtheTEinFig.6.3arenot
exactlyequaltothepresetvalues,butshowthesametrendandhave
thesameamplitude.Intheregionr<0.5,thecalculatedDissmal
andclosetotherealDvalue.Inthenextregion,0.5<r<0.6,the
eﬀectivediﬀusivityissigniﬁcantlyhigherthanintheprecedingregion,
thevaluesdonomatchexactlytherealDbuttheyareclose.Inthe
thirdregion,r>0.6,theeﬀectiveDdecreasesinaccordancewiththe
decreaseofrealD.
6.2.2 MHD model
Here,wecalculatetheaverage rfromthediﬀerentTransferEntropy
resultsfromMHDsimulationsinSec.4.5.Asinthediﬀusiveexample
(Sec.6.2.1),theaverageofriscalculatedinsmalradialintervals
assuming,again,thatthediﬀusivityisconstantineachregion.
Figure6.4showstheaverage rofsmalradialintervalsofsize
0.07aasafunctionof√t,fortheperturbationlocatedatr/a=0.35
(thesecondcaseinFig.4.10).TheTransferEntropyisrepresentedin
thebackground,showingtheradialpropagationoftheperturbation.
Wechoosetheregiontoﬁttheslopeasthetimewheretheperturbation
arrivestothisradiallocationwhichiseasilyobtainedbysuperposing
theTransferEntropy.AneﬀectivediﬀusivityDcanbethencalculated
usingEq.6.3bymakingalinearﬁt.
InordertoassesstheeﬀectivenessoftheTransferEntropytech-
nique,wecomparethevaluesobtainedfromTEwithestimatesofD
fromotherapproaches. Onesimplewaytoobtainthediﬀusivity,in
thecontextof(heat)transport,isusingFourier’sLawΓ=−D∇Te
whereΓ= V˜rT˜e istheheatﬂuxand∇Teistheelectrontemperature
gradient.Bothquantitiesareaveragedpoloidalyandtoroidaly.The
electrontemperaturegradientcanbeobtainedfromtheTeproﬁles.
UsingtheTransferEntropy,theeﬀectivediﬀusivityDcanbeob-
tainedforthediﬀerentcasesinSec.4.5.Likewise,fromthesimulations
wecancalculatetheheatﬂuxandtemperaturegradientandthenap-
plyD=−Γ/∇Te.
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Figure6.4: Resultsfromresistive MHDsimulations. Dottedlines
showtheaveragevaluer,calculatedfromtheTransferEntropy,fora
perturbationlaunchedatr/a=0.35,asafunctionofthesquaredroot
oftime.Eachdottedcurveistheaverageoverasmalradialinterval.
TheslopeoftheﬁtlinesshownareusedtocalculateandeﬀectiveD,
usingEq.6.3.ThebackgroundshowstheTransferEntropy.
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Figure6.5:ThegreendottedlineistheeﬀectivediﬀusivityDcalcu-
latedfromthetemperaturegradientandtheheatﬂuxcorresponding
tothepulselaunchedatr/a=0.25.ThesolidlineistheeﬀectiveD
obtainedfromtheTransferEntropy.
Figures6.5,6.6and6.7showacomparisonbetweenthediﬀusivity
fromtheTEapproachandfromFourier’sLawfortheperturbations
launchedatr/a=0.25,r/a=0.35andr/a=0.45,respectively.
Thedottedlinerepresentstheratio|Γ/∇Te|whereΓand∇Tehave
beenaveragedintimeoverthedurationofthepulse.Thesolidline
representstheDvaluesobtainedbytakingsmalradialintervalsand
applyingEq.6.3totheTE(asinFig.6.4). Theerrorbarsinthe
|Γ/∇Te|curveareobtainedfromthestandarddeviationofthetem-
poralvariationofΓand∇Te.Onecanobservethatthetwodiﬀerent
approachesareshowingsimilartrendsandvaluesfordiﬀusivityD.
OnemayconcludethattheTransferEntropyiscapableofanalyzing
heattransportandmakingacorrectestimateoftheeﬀectivediﬀusiv-
ity.
NotethattheTransferEntropyisameasureofinformationﬂow
amongsignalsanditisnotanactualmeasurementofdiﬀusivity.How-
ever,usingtheTEtechniqueweobtainsimilarvaluesto|Γ/∇Te|dur-
ingtheperturbation(seeFig.6.5,6.6and6.7).Someofthediscrep-
anciesobservedintheseﬁgures,andinthenextexamples,maybe
duetothenatureofthetwodiﬀerentapproaches.TheTEmeasures
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Figure6.6:SameasFig.6.5butforaperturbationlaunchedatr/a=
0.
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Figure6.7:SameasFig.6.5butforaperturbationlaunchedatr/a=
0.45.
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thepropagationofinformation,whichisnotfulyequivalenttothe
propagationofheat,asdiscussedinRef.[3].Soitisunsurprisingthat
aneﬀectivediﬀusivitydeducedfromtheTEcannotbeidenticaltothe
diﬀusivitydeducedfromtraditionalmethods.
6.2.3 Magneticconﬁguration10046
HereweprovidemoreexamplesoftheTEtechniqueusingadiﬀer-
entmagneticconﬁguration. WeusetheplasmadescribedinSec.4.7
whichissimulatedunderthemagneticconﬁguration10046.Inthis
conﬁguration,the8/5rationalsurfaceislocatedinaninnerregion
andthe5/3appearsattheedge.Theparametersoftheplasmaare
thesameasinSec.6.2.2butthedensityandtemperatureproﬁlesare
diﬀerentaswelasthepoloidalﬂow.Therefore,theregionsof“high
orlow”diﬀusivityshouldbediﬀerent.
Asbefore,diﬀerentheatperturbationsareintroducedintheplasma.
Thetransferentropytechniqueisagainusedtoanalyzetheheattrans-
port,asinSec.6.2.2,similarconclusionsareobtained. TheTEex-
hibitsradialheatpropagationandradialtrappingregions.Thesere-
gionsarenotthesameasinthepreviousconﬁguration,duetothe
factthattherationalmagneticsurfacesandthepoloidalﬂowarenot
thesame.
Again,theTEisusedtocalculatetheeﬀectivediﬀusivitywith
thermethod. Theseresultsarecomparedtothediﬀusivityfrom
Fourier’slaw,D=−Γ/∇Te.Figures6.8and6.9exhibitthediﬀu-
sivitiesobtainedwithbothapproachesforperturbationslaunchedat
r/a=0.25andr/a=0.30,respectively. Again,trendsaremoreor
lesssimilar.
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Figure6.8:ThegreendottedlineistheeﬀectivediﬀusivityDcalcu-
latedfromthetemperaturegradientandtheheatﬂuxcorresponding
tothepulselaunchedatr/a=0.25inthe10046conﬁguration.The
solidlineistheeﬀectiveD
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Figure6.9:SameasFig.6.8butforaperturbationinitialylocated
atr/a=0.30.
Chapter7
Transportbarriersand
turbulentvortices
InChapters4and5heattransportintwodiﬀerentstelaratorshas
beenanalyzed. Theapproachwasbasedonperturbativemethods,
thusheatpulseswerelocatedatdiﬀerentradiallocationsandtheir
temporalevolutionwereanalyzed. Weobservedthatheatperturba-
tionsradialypropagatefasterorsloweratdiﬀerentradialregions.
SimilarconclusionswereobtainedusingtheTransferEntropytech-
nique. Weconcludedthattheradialshearofthepoloidalﬂowwasan
importantfactortodeterminetheradialheattransport.
InthisChapterthepoloidalﬂowintheplasmaisanalyzed.The
aimistoidentify(andcharacterize)someoftheelementsthatinvolve
thepoloidalﬂowgeneration. Plasmaturbulence,asresistiveinter-
changemodesinourMHDmodel,wilplayanimportantroleinthis
issue.Theturbulentﬂuctuationswildeterminetheaveragepoloidal
ﬂow. Furthermore,turbulentvorticesareobservedinthemainlow
orderrationalsurfaces.
InthelastsectionofthisChapter,wefocusontheheattransport
barriersanditsrelationwiththepoloidalﬂow.
7.1 Turbulenceandperpendicularﬂow
Inourmodel(seeSec.2.3.5)theperpendicularvelocity,E×B,is
obtainedby −→V⊥=−∇Φ×ζˆ. (7.1)
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sotheradialandpoloidalcomponentsare
Vr=−1r
∂Φ
∂θ Vθ=
∂Φ
∂r. (7.2)
Hencetheperpendicularvelocityisdeterminedbytheelectrostatic
potentialΦ.
Ontheotherhand,ithasbeenshown[62]thatinamodelbasedon
theresistiveinterchangemodestheaveragepoloidalﬂowisgenerated
bytheﬂuctuatingcomponentsofthevelocityV˜r˜Vθ.Theseﬂuctuating
termsaredeterminedbytheturbulencesothenatureofthisturbu-
lencewilhaveanimpactontheﬂowgeneration. Howtheaverage
poloidalﬂowisgeneratedisdiscussedindetailinSection7.2.
Interchangemodesareonespeciﬁctypeofpressure-driventurbu-
lence.Theyarecharacterizedbyhavingconstantperturbationsalong
themagneticﬁeldlinessotheeﬀectintensiﬁesintheclosedﬁeldlines.
Inafusionplasmadevicethemagneticconﬁgurationestablishesthe
locationoftheclosedﬁeldlinesorrationalsurfaces.Fluctuationsare
locatedaroundrationalsurfacessointheselocationsahighaverage
poloidalﬂowwilbegeneratedasitwilbeshowninSection7.2.
Therefore,wefocusnowinthestudyoftheseﬂuctuationscaused
bytheinterchangeinstabilities.Asimpliﬁedanalyticalexpressionfor
aﬂuctuationcausedbytheinterchangemodesshouldbeoftheform
Φm,n=Ae−
(r−rs)2
w2 cos(mθ+nζ) (7.3)
wherersistheradiallocationoftherationalsurface,windicatesthe
widthoftheﬂuctuationandAisanarbitraryamplitudeoftheﬂuc-
tuation.BasicalytheﬂuctuationisaGaussian-likefunctioncentered
intherationalsurfacersalongtheﬁeldlineasahelix. Thenthe
perpendicularcomponentsofthevelocity(usingEq.7.2)are
Vr=Amre
−(r−rs)
2
w2 sin(mθ+nζ) (7.4)
Vθ=−2A(r−rs)w2 e
−(r−rs)
2
w2 cos(mθ+nζ). (7.5)
Asaconsequence,theVrshowsanangularshiftsotheradialveloc-
ityismaximumbetweenﬂuctuationsandtheVθisproportionaltoΦ
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Figure7.1: AnalyticalelectrostaticpotentialﬂuctuationΦforthe
8/5rationalsurface.Thearrowsrepresenttheperpendicularvelocity
generatedbythiselectrostaticpotential.
buthasaminimumatr=rs.Tovisualizetheseresults,wetakethe
n=8/m=5componentfromthe10044magneticconﬁgurationin
TJ-II.Figure7.1showsincolorstheΦ8,5foraﬁxedtoroidalangle.
Thearrowsilustratethedirectionandmagnitudeoftheperpendicular
velocitygeneratedbythiselectrostaticpotentialﬂuctuation.Clearly
theperpendicularvelocitygeneratedbythisturbulentﬂuctuationsis
formingvorticescenteredintheseﬂuctuations.Sincetheseﬂuctua-
tionsaredistributedalongtheﬁeldlines,thegeneratedvorticesmust
havethesamestructure.Thestructureofthesevorticesisstudiedin
detailinChapters8and9.
However,thepresenceofthesevorticesdoesnotimplythegen-
erationofanaverageﬂow.Infact,inthenextsection(Sec.7.2)we
aregoingtodemonstratethatthismodelofﬂuctuationdoesnotcon-
tributetothegenerationofanaverageﬂow.
7.2 Averagepoloidalﬂow
ThepoloidalﬂowgenerationundertheMHDmodelofpressure-driven
turbulencewithdiamagneticeﬀectshasbeenstudied,forexample,in
Ref.[62]and[97].Toobtainanexpressionforthepoloidalﬂowevolu-
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tion,themomentumbalanceequation(seeEq.2.50)canbeaveraged
ontheﬂuxsurface,whichinthecylindricalgeometryofourmodelis
apoloidalandtoroidalangularaverage.So,ingeneral,theaverage
forafunctionfis
f(r,θ,ζ)= 14π2 f(r,θ,ζ)dθdζ. (7.6)
Therefore,thefunctioncanbedecomposedinanaverageandﬂuctuat-
ingpartf= f+f˜.Notethatthefisequaltothe(0,0)component
intheFourierdecompositionsincealtheothercomponentsvanishes
intheangularaverage.
Averagingthemomentumbalanceequationweobtaintheequation
fortheaveragepoloidalﬂow
∂Vθ
∂t =−
1
r2
∂
∂rr
2Srθ −µVθ, (7.7)
whereSrθisthenon-diagonalrθcomponentofthestresstensor
Srθ= V˜r˜Vθ −S2 B˜rB˜θ . (7.8)
ThetwotermsofSrθaretheelectrostatic(orReynoldsstressinphysics
ofﬂuids)andmagneticcomponentsrespectively. Theelectrostatic
termarisefromtheconvectiveterminthemomentumequationand
themagneticcomponentemergesfromtheparalelderivativeinthe
paralelcurrent.Inourmodel,andduetotheparametersweuseto
studyTJ-II,themagneticcomponentisgoingtobenegligibleasthe
resistiveinterchangeinstabilityisbasicalyelectrostatic.
Equation7.7accountsfortheinteractionbetweenpoloidalﬂowand
turbulence.Theﬁrstterm,whichinvolvestheeﬀectofturbulenceper-
turbations,isagrowthterm.Astheturbulenceincreasesthepoloidal
ﬂowincreasesaswel.HowevertheµVθ isadissipativetermsoas
theVθ increasesthedissipationbecomessigniﬁcantandthepoloidal
ﬂowmaystabilize.
Theincreaseoftheaveragepoloidalﬂowisanimportantfactorin
turbulencesuppression[97,47,98]. Anincreasein(theradialshear
of)theaveragepoloidalﬂowmaydiminishtheturbulenceandsothe
Reynoldsstress. Therefore,poloidalﬂowandturbulenceinteracts
asapredator-preymodel(seeFig.7.2),asoneincreasestheother
decreases.Eventualythesystemreachesasteadystatewhereaverage
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Figure7.2:Flowchartoftheinteractionofthepoloidalﬂowandtur-
bulence.
poloidalﬂowandturbulenceexhibitanequilibrium.
Firstwecancalculatetheaveragepoloidalﬂowgeneratedbythe
analyticalexampledescribedinprevioussection(Sec.7.1).Inthat
examplewepresentedasingleﬂuctuationwiththebasiccharacteristics
ofresistiveinterchangemodes.Theperpendicularcomponentsofthe
velocityVrandVθwerealreadyobtainedinEq.7.4and7.5sothat
alowstocalculatetheelectrostaticterminthestresstensor
VrVθ ∝ sin(mθ+nζ)cos(mθ+nζ)dθdζ=0. (7.9)
Sincethestresstensoriszero,anditisthedominantterminSrθ,
noaverageﬂowbegeneratedaccordingtoEq.7.7. Thisparticular
resultisvalidwhenthereisnorotationandonlyoneparity(sine
orcosine)isincludedintheFourierexpansion.Inourmodel,which
includesdiamagneticterms,ﬂuctuationshavebothsineandcosine
components,
Φ˜=
m,n
ΦCm,ncos(mθ+nζ)+ΦSm,nsin(mθ+nζ). (7.10)
Let’stakeonesinglemode(m,n)toseeitscontributiontotheReynolds
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stress,so
V˜rV˜θ m,n=
1
4π2
m
r Φ
Cm,nsin(mθ+nζ)−ΦSm,ncos(mθ+nζ)×
∂ΦCm,n
∂r cos(mθ+nζ)−
∂ΦSm,n
∂r sin(mθ+nζ)dθdζ
(7.11)
andaftersomecalculations
V˜rV˜θ m,n=
1
2
m
r Φ
Cm,n
∂ΦSm,n
∂r −Φ
Sm,n
∂ΦCm,n
∂r =0 (7.12)
whichingeneralisnotzero.So,evenasinglemodecontributestothe
generationofanaverageﬂow.Theresultincludingalthemodesis
V˜rV˜θ =12m,n
m
r Φ
Cm,n
∂ΦSm,n
∂r −Φ
Sm,n
∂ΦCm,n
∂r (7.13)
sotheReynoldsstressisacontributionofalthemodes.
Theaverageperpendicularﬂow −→V⊥ canbecalculatedusingEq.7.1
andthe(0,0)componentoftheelectrostaticpotentialΦ(0,0). We
usenumericaldatafromasteadystateplasma,thesamedescribedin
Chapter4forthemagneticconﬁguration10044inTJ-II.Foranar-
bitrarytime,bothquantities(velocityandpotential)arerepresented
inFig.7.3wherethecolorsshowtheΦ(0,0)andarrowsshowthe
magnitudeanddirectionoftheperpendicularﬂowgeneratedbythis
potential.Theresultantperpendicularvelocity,asweusetheΦ(0,0),
hasaradialcomponentequaltozero. Thepoloidaldirectionofthe
velocityisgivenbythegradientoftheelectrostaticpotentialsoradial
shearinthevelocityisobservedintheﬁgure.
Inasimilarway,wecanobtaintheperpendicularvelocityfrom
theﬂuctuatingpartoftheelectrostaticpotential.Figure7.4isshow-
ingtheseresults.Intheﬁguretherearethreeradiallocationswhere
ﬂuctuationsareclearlypresentaroundr/a≈0.37,r/a≈0.50and
r/a≈0.62correspondingtotherationalsurfaces25/16,11/7and
19/12respectively(seetherotationaltransformforthestandardmag-
neticconﬁgurationinTJ-IIinFig.4.1).Inthiscasetheﬂuctuations
arenotasclearasintheanalyticalexamplebuttheperpendicular
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Figure7.3: ElectrostaticpotentialﬂuctuationΦ(0,0). Arrowsrep-
resenttheperpendicularvelocitygeneratedbythiselectrostaticpo-
tential. Numbersinwhiteboxesindicatetheradialpositionofthe
correspondingrationalsurface.
Figure7.4: ElectrostaticpotentialﬂuctuationΦ˜forasteadystate
plasmainTJ-II.Thearrowsrepresenttheperpendicularvelocitygen-
eratedbythiselectrostaticpotential.
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Figure7.5:TotalelectrostaticpotentialΦforasteadystateplasmain
TJ-IIataﬁxedtoroidalangle.Thearrowsrepresenttheperpendicular
velocitygeneratedbythiselectrostaticpotential.
velocityisshowingundoubtedlyturbulentvorticesaroundtheseﬂuc-
tuations.Theseﬂuctuations(viaReynoldsstress)mayhaveacontri-
butionintheaveragepoloidalﬂowandarepartlyresponsibletothe
globalplasmarotation.NoticethatthevaluesinFig.7.4areobtained
foraﬁxedtimeandtoroidalangle.Ingeneralthesestructuresare
evolvingandrotatingintheplasmaasitwilbeshowninthenext
chapters.
Therearetwocontributionstothetotalperpendicularvelocity:
oneistheaveragepoloidalﬂowandtheotheroneistheﬂuctuating
part. Onemaythinkthattheﬂuctuatingcomponentislowerbut,
infact,bothquantitiesarecomparable(seeΦvaluesinFig.7.3and
7.4). Thereforethetotalperpendicularvelocityshouldexhibitboth
contributions,Fig.7.5showsthetotalelectrostaticpotentialandper-
pendicularvelocityforaﬁxedtoroidalangle.Thiswaythetotalper-
pendicularvelocityshowsasimilarpatternastheaverageﬂowbut
withsomeﬂuctuationscausedbytheturbulentvortices,forexam-
pletheregionfromr/a=0.35tor/a=0.45,whereastrongradial
shearisobserved. Howeverthereareotherradialregionswherethe
turbulentvorticesseemtodominateasforexampler/a≈0.62.
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Figure7.6:Leftpanelshowstheaveragepoloidalvelocitybeforethe
perturbations.Therightﬁvepanelsdisplaytheheatevolutionofﬁve
perturbationsatdiﬀerentradiallocations(sameﬁgureasFig.4.6).
7.3 Transportandpoloidalﬂow
InChapters4and5theheattransportwasstudiedusingheatper-
turbations. Heatpulsesweresetintheplasmaandtheirtemporal
evolutionwereanalyzed.Inordertostudyheattransportacrossthe
plasma,variousperturbationswereintroducedatdiﬀerentradiallo-
cations.
HerewefocusinthenumericalresultsobtainedinChapter4.Fig-
ure7.6isshowing(intheﬁverightpanels)thetemporalevolution
ofﬁveheatpulsesatdiﬀerentradialpositions,namelyr/a=0.20,
r/a=0.25,r/a=0.35,r/a=0.45r/a=0.55. Theyshowthe
electrontemperaturediﬀerencefromtheinitialproﬁle(justbeforethe
perturbation).Theleftpanelilustratestheaveragepoloidalvelocity
justbeforethepulseisintroduced.Thehorizontaldashedlinesspecify
thelocationofthemainloworderrationalsurfaces.Inalthecases
theperturbationsarepropagatingradialy,howeveratsomeradialre-
gionstheypropagatefasterorslower.Particularly,weobserve“trap-
ping”regions,wheretheradialpropagationissloweddown,around
r/a≈0.30r/a≈0.4,r/a≈0.60andr/a≈0.70.Inaltheseregions
astrongradialshearintheaveragepoloidalﬂowdVθ/drispresent
(seeleftpanelorFig.7.3). Theshearinthepoloidalﬂowactsasa
transportbarrierwheretheradialheatpropagationisreduced,usualy
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Figure7.7:Leftpanelshowsthetemporalaveragedpoloidalvelocity.
Therightﬁvepanelsshowstheheatevolution,usingtheTransfer
Entropy,ofﬁveperturbationsatdiﬀerentradiallocations(sameﬁgure
asFig.4.10).
thebarriersarecreatedbetweenturbulentvortices.
InChapter4theTransferEntropy(TE)techniquewasusedto
analyzeheattransportaswel.Thetechniquehasbecomeapowerful
tool,especialyinexperimentalplasmas,inthestudyofheattransport
[1,3]. TheTEisappliedtotheheatperturbationsinFig.7.6(for
moredetailsseeSec.4.5). TheTEresultsarepresentedagainin
Fig.7.7. Theleftpanelisthepoloidalﬂowaveragedoveratime
(≈0.1τR)muchlongerthanatypicalpulsepropagation. Theother
ﬁvepanelscorrespondtotheTransferEntropyresultfromtheﬁve
heatperturbationsinFig.7.6. Thewhitearrowsindicatetheradial
positionofthereferencesignalintheTEcalculation.
TheTEresultsshow,aswel,aradialoutwardpropagationatdif-
ferentrates.Furthermore,atsomeradialregionsweobservehighTE
valuesduringalongtimelagperiod.Those“trapping”regionsreveal
theareaswhereheatperturbationsaresloweddown.Forexample,the
areaaroundr/a≈0.25isobservedinthesecondandthirdpanel.An-
othertrappingregionaroundr/a≈0.38isvisibleinthesecond,third
andfourthpanels.Inr/a≈0.6anothertransportbarrierisseenin
thesixthpanel.Althesetrappingareasarelocatednextto(orinto)a
radialshearregionandcoincidewiththeresultsinFig.7.6.Neverthe-
lessthetrappingregionaroundr/a≈0.6haslowradialshearinthe
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temporalaveragedpoloidalﬂow. Wesuggestthatinr/a=0.62the
rationalsurface19/12isgeneratingturbulentvorticesinthatlocation
(seeFig.7.5)whichcanbethereasontoﬁndatrappingregion.
Inconclusion,weintroducedelectrontemperatureperturbationsto
studyradialheattransportonlowmagneticshearstelarators.Heat
transportwasfoundnondiﬀusiveanddiﬀerent(mini)transportbar-
rierswereidentiﬁed.TheseresultswereconﬁrmedusingtheTransfer
Entropytechnique.Theradialshearoftheaveragepoloidalﬂowwas
suggestedasthecauseofthesebarriersortrappingregions. During
thischapterwewentintodetailabouthowthepoloidalﬂowisgener-
ated. OurnumericalsimulationsarebasedinanMHDmodelwhere
resistiveinterchangemodesarethemaininstabilities. Theﬂuctua-
tionsinthiskindofturbulencearecausingthegenerationofturbulent
vorticesand,atthesametime,anaveragepoloidalﬂow.
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Chapter8
Filamentarystructuresin
TJ-II
InChapters4and5theradialheatpropagationhasbeenstudiedusing
theTransferEntropy(TE)approach. Oneofthecharacteristicswe
observedisthatheatpropagationsuggeststhepresenceoftransport
barriers. Theheattransportwasaﬀectedbytheradialshearofthe
poloidalﬂow. Thatpoloidalﬂowisgeneratedbytheturbulencevia
theReynoldsstress[62][99]aswehavenpointedoutinChapter7.In
ourMHDmodel(seeChapter2),turbulenceisdominatedbypressure
driveninstabilities,inparticular,resistiveinterchangemodes.
Therotationaltransformrepresentsthemagneticconﬁgurationof
thefusiondevice,itistheratioofpoloidalturnsbytoroidalturnsof
themagneticﬁeld.Therearesurfaceswheretherotationaltransform
isarationalnumberandthemagneticﬁeldlinesareclosedsotheyare
knownasrationalsurfaces.Aroundthesesurfacesturbulentstructures
mayappear.Duetothenatureofinterchangemodes,theseinstabil-
itiesareextendedalongtheﬁeldlinessoturbulentstructureshave
thesamegeometryofthemagneticﬁeldlines. Thereforeturbulent
vorticesgeneratedbytheseinstabilitiesfolowaﬁlamentarystructure.
FormoredetailsseeChapter7.
ThemagneticconﬁgurationoftheTJ-IIdeviceexhibitsalowmag-
neticshear.Thatmeansthattherearefewlowrationalsurfacesand
moredistanceamongthem. Underthosecircumstances,turbulent
vorticeslocatedaroundtherationalsurfacesmayextendinalargera-
dialregionwithaperiodicitydeterminedbyq(orinstelarators,the
rotationaltransformι-=1/q).Sinceinterchangeturbulentvortices
103
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musthavethesamegeometryasthemagneticﬁeld,theyshouldbe
presentasﬁlamentarystructuresattherationalsurfaces.
Recentexperiments(Ref.[5])intheTJ-IIshowedﬁlamentarystruc-
turesusingtheTransferEntropytechnique.Thepurposeofthischap-
teris,usingourMHDmodel,interpretthatexperimentalobservations
andstudytheconnexionwithtransportbarriers.Thegoalistoun-
derstandtheunderlyingphysicsoftheexperiment. Neverthelessthe
modeldoesnotintendtosimulatetheTJ-IIindetailsoitisusedas
aqualitativestudy.Inthischapter,usingtheTE,someofthemain
propertiesoftheﬁlamentscanbestudied.
MostoftheworkpresentedherehasbeenpublishedinRef.[5]:
B.Ph. van Miligen,J.H.Nicolau,B.Liu,G.Grenfel,U.Losada,
B.A.Carreras,L.Garc´ıaandC.Hidalgo. “Filamentsintheedge
conﬁnementregionofTJ-II”.Nucl.Fusion58,026030(2018).
8.1 Experimentalbackground
FilamentarystructureshavebeenobservedintheTJ-IIdeviceusing
severalmethods.Firsttime,ﬁlamentarycurrentsweredetectedusing
x-raydiagnostics[100].Theyhavebeenalsoobservedusingfastcam-
erasintheSOL[101][102]. Then,inRef.[103]correlationbetween
separatedLangmuirprobeswasstudied.Indirectly,usingcorrelation
analysis,ﬁlamentarystructureswerefoundalongmagneticﬁeldlines
ofsize40∼50metersintheparaleldirectionandonly7cminthe
perpendiculardirection.
Recently,theTransferEntropy(TE)methodwasappliedtothe
experimentalresultsobtainedfromtworemoteLangmuirprobes[5].
AschematicoftheexperimentalsetupisshowninFig.8.1.Thetwo
Langmuirprobes(“B”and“D”)werelocatedatdiﬀerentpoloidaland
toroidalanglesinthedeviceandweremeasuringtheﬂoatingpotential
Vfatthesameradiusr/a≈0.85.Thenabiasingprobewasincluded
inadiﬀerentlocationwiththepurposetogenerateanE×Bﬂowat
theedgeoftheplasma.
Theprobesaremeasuringduringthedischargesmeanwhilethebi-
asingprobeismodulatingthepoloidalﬂow.TheTEisthenapplied
tothesignalscapturedbytheprobes,fromprobeV1,Bf toV2,Df inbothdirections. TheresultsareshowninFig.8.2wheretheleftpanelis
showingoneTransferEntropydirectionandtherightpanelisshowing
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Figure8.1:Schematicoftheexperimentalsetup.Thetwoupperplots
showthepoloidallocationofthetwoLangmuirprobesinapoloidal
crosssection. TheTJ-IIdiagramatthebottomisilustratingthe
toroidalpositionofthetwoLangmuirprobes(BandD)andthebiasing
probe. Thecolorsrepresentthemagneticﬁeldstrengthatthelast
closedﬂuxsurface.PicturetakenfromRef.[5].
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Figure8.2:Transferentropyfortheﬂoatingpotentialsignalsoftwo
separatedLagmuirprobesV1,Bf andV2,Df .PicturetakenfromRef.[5].
theoppositeone. ClearlytherightonehashigherTEvalueswhich
meansthatmostoftheinformationisﬂowingV1,Bf → V2,Df . Fur-thermore,oneshouldobservethatthehighentropyareasinFig.8.2
areattimest≈1180,t≈1200,t≈1215andt≈1225ms. Those
timesmatchexactlywiththetimeswherethebiasingwassetandthe
plasmawasrotatingpoloidaly.Hence,asthetransferentropyishigh
inonlyonedirectionanditcoincideswhentheplasmaisrotatingwe
canconcludethatthetransferentropycandetectnotonlywhenthe
plasmaisrotatingbutalsotherotationdirection.
Thehighentropyareashaveatimelagτaround2∼3microsec-
onds.Noticethattheprobepinsarephysicalyseparatedafewmeters
inthetoroidaldirection.Ataﬁrstapproximation,usingtheTJ-IIpa-
rameters,thatmeanstheinformationisﬂowingataspeedoftheorder
of103km/swhichisnotrealistic.However,wesuggestthatthereis
aﬁlamentarystructureintheplasmawhichrotatespoloidaly.Sothe
transferentropyisinfactmeasuringthetimedelayoftheﬁlament
wheniscrossingﬁrsttheprobeBthentheprobeD(seeupperplots
inFig.8.1).TheLangmuirprobesareseparatedinthepoloidalplane
onlyafewcentimeterssothatmeansapoloidalvelocityaround2
km/s.ThatresultisconsistentwiththeE×Bﬂowvaluesgenerated
bythebiasingprobe.Inotherwords,thebiasingprobeisgeneratinga
poloidalﬂowwhichmakesﬁlamentsrotateandthosearedetectedby
theLangmuirprobesusingtheTransferEntropytechnique.Further-
more,theunidirectionalityoftheTEisindicatingclearlytherotation
direction.
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Therotationoftheﬁlamentsinapoloidaldirectionwasalsocon-
ﬁrmedusingaslightlydiﬀerentmethod. TheLangmuirprobesare
wideenoughtohavesomepinspoloidalydistributedbutatthesame
radius.TheTransferentropywasappliedtothesignalsfromonesingle
probebutfromthepinsinthepoloidaldirection.Similarconclusions
wereobtained,theTEcoulddetecttherotationofthesamepieceof
ﬁlamentrotatinginthepoloidaldirection.TheTEcouldcapturethe
timedelay(anddirection)whenoneﬁlamentcrossedonepinandthen
theotherones.
8.2 Numericalsimulations
Trubulentvorticeshaveaﬁlamentarystructureandarealignedwith
magneticﬁeldslines[2,104]. Hence,thoseﬁlamentshavethesame
periodicityasthemagneticﬁeldandevolvewiththeplasmaitself.
Theperpendicularvelocityintheplasmais
−→V⊥=−∇Φ×ζˆ. (8.1)
Inthissense,thepoloidalﬂowiscompletelydeterminedbytheelec-
trostaticpotentialΦ.Therefore,westudythetopologyoftheΦwhich
isconnectedtotheturbulentﬂow.
UsingourMHDmodel,wemeasuretheelectrostaticpotentialat
diﬀerentangularlocations. Weapplythetransferentropytothese
signalsinordertostudyplasmarotation. Thetransferentropycan
detectwhetheraperturbation(ﬁlament)hascrossedourmeasuring
points.
First,weevolveour modelequations(seeSec.2.3.5)untilthe
steadystateisreached.Inthissimulations,weareusingthe(stan-
dard)magneticconﬁguration10044inTJ-IIwhichisthesameasthe
experimentdescribedinSec.8.1. Asitwascommentedbefore,the
lowordermagneticrationalsurfacesgenerateslowmturbulentvor-
ticesalongtheﬁeldlines.ThelowmagneticshearinTJ-IIcausesa
radialextensionoftheturbulentstructuresinthesesurfaces. Under
thosecircumstances,radialywideﬁlamentarystructurescanbefound
intheplasma.
Wefocusonthetopologyoftheﬂuctuationsoftheelectrostatic
potentialΦ. Forthisreasonwedeﬁnetheﬂuctuatingelectrostatic
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Figure8.3:FluctuatingelectrostaticpotentialΦpinapoloidalcross
sectioninthesteadystate.
potentialas
Φp=Φ− Φ
wherethebracketsindicateapoloidalandtoroidalangularaverage.
Figure8.3isshowingtheﬂuctuatingelectrostaticpotentialΦpina
poloidalcrosssectionatsomearbitrarytimeinthesteadystate.There
areregions,atthesameradius,withhighorlowΦpinaperiodicway.
Theymayhavetheperiodicityoftherationalsurface.Someofthe
loworderrationalsurfacesareeasytoidentifyasthen=8/m=5in
r/a≈0.75becausetheperturbedpotentialΦpisshowingapoloidal
periodicitym=5asexpected.Furthermore,theperturbationhasa
wideradialextensionbutcenteredaroundtherationalsurface.That
perturbationisaswelextendedalongtheﬁeldlinesinthezdirection
formingaﬁlamentarystructure.
Now,weidentifythediscretespatialpointsinoursystemwhere
theﬂuctuatingelectrostaticpotentialisclosetothemaximumΦp>
0.9Φpmax foraﬁxedtime. ThesepointsarerepresentedinaTJ-II
geometry(forvisualizationpurposes)inFig.8.4.Clearlythesevalues
arefolowingaﬁlamentarystructure.Inthiscasethevaluescorre-
spondtothe8/5rationalsurface.Forthisreasonwecanstatethat
thereareﬁlamentarystructuresinournumericalresults.Inthisex-
ampletheﬁlamentiscompleteandclosesitself.Inthisworkﬁlaments
arecompleteandnotbroken. Thatisnotthecasein,forexample,
theScrape-OﬀLayerwherestructurescanappearasbrokenﬁlaments
[105]. ThefactofhavingbrokenﬁlamentsiscrucialintheTransfer
Entropytechnique. TheTEmaynotbeabletodetectﬁlamentary
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Figure8.4:SpatialpointsinthesystemwhereΦp>0.9Φpmax repre-
sentedinaTJ-IIgeometry.
structuresiftheyarebrokenintwoormorepieces.Thereasonisthat
theﬁlamentpiecescanevolveinadiﬀerentwayandtheTEcannot
foundtheconnectionamongthem.
Inthenextsection,methodstodetectandobtainpropertiesofthe
ﬁlamentswilbepresented.Intheexperiments(seeSec.8.1),electric
potentialdatafromtheedgeisobtainedusing(two)Langmuirprobes,
howevertheextensiontoahighnumberofprobesisnoteconomicaly
andpracticalyfeasible.Furthermore,locationsinward(inthecore)
arenotaccessiblebytheexperimentalprobes. Ontheotherhand,
numericalsimulationsalowustoexplorethewholeplasmaatthe
desiredspatiallocation.Inthiswork,numericaltimeseriesare0.1τR
long,enoughtimetomorethanonefulpoloidalrotationinmany
radialsurfaces.
8.3 Length,periodicityandpoloidalve-
locity
8.3.1 Filamentlength
InordertointerprettheexperimentsinTJ-II,wemeasuretheﬂuctu-
ationsoftheelectrostaticpotentialΦpusing“artiﬁcial”probesinour
numericalresults.Numericalsimulationsalowtoanalyzealplasma
locationsasdesired.Aschematicoftheangularlocationofthearti-
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Figure8.5:Schematicofthe“artiﬁcial”probesetusedinthenumer-
icalcalculations.
ﬁcialprobesweuseinthesystemisshowninFig.8.5.Thereisone
referenceprobelocatedatθ=0andζ=0.Then,120probesareset
attheoppositetoroidalangleζ=180◦.Theyareseparatedapoloidal
distance∆θ=2.3◦,sothesetisdistributedalongapoloidalangle
approximately270◦.
referenceprobe→ θ=0ζ=0 120probes→
∆θ=2.3◦
ζ=180◦
Noticethat,asﬁlamentsarestructuresalongﬁeldlines,theycan
beverylong.Inapoloidalcrosssectionﬁlamentsseemtobeseparated
afewcentimeters.However,theconnexionlengthbetweentwopoints
alongtheﬁlamentmaybeseveralmeterslong.Thisideaisilustrated
inFigure8.6. Theshadeddiagonalareasaretheangularlocations
wheretheﬂuctuatingpotentialispositiveΦp>0.1Φpmaxattheradial
surfacer/a=0.75.Theradiallocationissetonthemagneticrational
surfacen=8/m=5intentionalysoΦpisshowingtheexpected
periodicityinbothangles(poloidalm=5andtoroidaln=8).In
thesamewaythewhiteareasareapproximatelythenegativevaluesof
theﬂuctuatingelectrostaticpotentialΦp.Thereferenceprobeisthe
redsquareonθ=0andζ=0,andtheother120probesarethered
squaresalongζ=180◦.Then,adotteddiagonallineisindicatingthe
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Figure8.6:Theshadeddiagonalareasareshowingthesigniﬁcantly
positiveﬂuctuatingelectrostaticpotentialΦpattheradialposition
r/a=0.75,closetothe8/5rationalsurface.Theredsquareat(0,0)
isthereferenceprobe.Theother120probesareindicatedbythered
squaresatζ=180◦.Adotteddiagonalblacklineisfolowingapath
betweenthereferenceprobeanoneoftheotherprobes.
pathfromthereferenceprobetooneoftheotherprobes.Asonecan
see,thepathisdoingmorethantwotoroidalturns. Wecanilustrate
thereallengthLofthepathusingtheaandR0parametersfromTJ-II
and
L= (∆θ·r)2+(∆ζ·R0)2 (8.2)
where∆θand∆ζarethetotalpoloidalandtoroidalanglesrespec-
tivelydescribedbythepath. TheLexpressionisonlyvalidina
cylindricalgeometry.ThatmeansthatthelengthpathLisapproxi-
mately14.8meterswhereasthephysicaldistancebetweenprobes(on
oppositesidesofthedevice)isjust4.8meters.Theconnexionlength
betweenthereferenceprobetotheothersetvariesdependingonthe
probe.Theconnexionlengthbetweenprobesisnotthetotallengthof
theﬁlamentarystructurewhichmaybemuchlonger.Thetotallength
ofaﬁlamentsis
Ltot=2π (nr)2+(mR0)2 (8.3)
whichinthiscase(n=8/m=5)thetotallengthisapproximately
Ltot≈48m.Noticethatthislengthdependsontheperiodicityofthe
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Figure8.7:Transferentropybetweenthereferenceprobeatζ=0and
the120setprobeatζ=180◦.Theleftpanelisshowingtheresults
fromtheporbessetatr/a=0.75andtherightpanelatr/a=0.28.
Theupperpartoftheleftplotisilustratingthemethodtocalculate
thepoloidalvelocity.
rationalsurface. Higherorderrationalswilbeassociatedtolonger
ﬁlamentarystructures.
Thetransferentropymethodcandetecttheconnexionpathbe-
tweentwoprobesonlyiftheﬁlamentstructureisnotbrokeninmore
thantwopieces.Ifso,theremaynotexistapathtoconnectboth
probesandtheTEwouldnotwork.Inthisworkﬁlamentsappearnot
tobebroken.
8.3.2 Filamentperiodicity
Astheﬁlamentsarerotatingtheyaregoingtocrossﬁrstthereference
probeandthentheothersetofprobesontheothersideofthedevice
(ortheoppositedependingonthepoloidalvelocitydirection). This
eﬀectcanbedetectedusingthetransferentropytechniqueanditis
thepurposeoftheprobeset.
Wesetaltheprobesdescribedbeforetoaﬁxedradialposition
r/a=0.75,whichisclosetotherationalsurfacen=8/m=5,and
measuretheΦp.Simulationsarerunforalongtime(∼0.1τR),then
weapplytheTEfromthereferenceprobedataatζ=0toalthe
otherprobesatζ=180◦.Altheresultsaregatheredandplottedin
theleftpanelinFigure8.7.Thatis,eachcolumnatagivenpoloidal
angleisshowingtheTEfromthereferenceprobetoaprobeatthe
givenangle.Theplotshows,atacertaintimelag,highentropyareas
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periodicalyinthepoloidaldirection.Thepanelisshowingonlyhalf
ofthepoloidalanglebutforafulpoloidalangletherewilbe10high
TEareas.Sinceweareinthetherationalsurface8/5,thepoloidal
periodicityism=5.Thereasonwhyweareseeingaperiodicityof10
isduethefactthattheTEisdetectingaltheﬁlamentswiththesame
periodicityinthatsurfacewhichincludesthepositiveandnegative
Φpvalues. ThatiswhyweobservetwiceperiodicityintheTransfer
entropy.
Noticethat,aswepointedoutinSec.8.3.1,thepiecesofﬁlament
whicharecrossingtheprobescanbeseparatedlongdistances(tensof
metersinTJ-II)intheﬁlamentdirection. Thus,atshorttimelags,
theTransferEntropyisdetectingdiﬀerentpiecesoftheﬁlamentwhich
maybeseparatedlongdistances.Inspiteofthatlongdistance,the
TEisexhibitingahighvalueindicatingaconnexion.
OneshouldexpectthattheTEwouldshowhighTEareasasthe
pieceofﬁlamentwhichcrossedthereferenceprobeispassingthrough
theothersetofprobes.However,theTEseemstodropasthetime
lagincreasesandwearenotabletodetectthatbehavior. Wesuggest
that,astheﬁlamentisevolvingwhileitrotatesaftersometimethe
transferentropytechniquecannotidentifyit.
Inthesameway,therightplotinFigure8.7isshowingtheresults
applyingthetransferentropytoΦpdatafromtheprobessetatthe
ﬁxedradialpositionr/a=0.28.Again,highTEareasshowsaperiod-
icityinthepoloidaldirection.Usingthesameargumentsasbefore,we
concludethatthetransferentropyisdetectingaﬁlamentarystructure
withapoloidalperiodicitym=9.Thatisconsistentwiththeι-proﬁle
sincetherationalsurfacen=14/m=9isnearbyinr/a=0.18.
8.3.3 Poloidalvelocity
Theplasmaisrotatingpoloidalyinoursystemsoﬁlamentarystruc-
turesastheΦpperturbationshouldrotateaswel. Astheﬁlaments
arerotatingtheyshouldcrosstheprobessetsincetheyaredistributed
alongthepoloidalangle.ThisassumptioncanbeobservedintheTE
resultsinFigure8.7.BothpanelsareshowinghighTEareaswithan
elipticalshapeandthoseelipsesaretilted.Thattiltisduethefact
thatﬁlamentsarerotatinginthepoloidaldirectionastimeadvances.
Soastimeincreasestheirpoloidalpositionsarechanging. However,
thetiltisdiﬀerentinthetwopanels,theleftoneseemstohavea
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positiveslopeandtheleftoneanegativeslope.Thereasonisthatthe
poloidalvelocitydirectionistheoppositeineachpanel. Thatslope
canbeagoodestimatorofthepoloidalvelocity.
Weusetheangleofthetilttocalculatethepoloidalvelocityofthe
ﬁlamentarystructures.TheupperrightsideoftheleftplotinFigure
8.7ilustratesaschematicofthemethod.Theﬁlamentdisplacesan
angle∆θinatime∆τsothepoloidalvelocityis
Vθ =ωr=(∆θ/∆τ)r. (8.4)
ThatmethodcanbeappliednotonlytotheexamplesinFigure8.7
buttootherdiﬀerentradiallocations. Poloidalvelocityvalueswith
diﬀerentsign(indicatingapoloidalvelocitydirection)fromﬁlaments
areobtainedusingtheTransferEntropy.Thesevaluesshouldbecom-
paredwiththepoloidalvelocityoftheplasmaobtaineddirectlyfrom
thenumericalcode.Figure8.8isshowinginasolidlinethetemporal
averagepoloidalvelocityVθ (averageoveratime0.1τR)calculated
fromthecode.Thedashedanddottedlinesarerepresentingonestan-
darddeviationfromthetemporalaverage.Thatmeansthatpoloidal
velocityisﬂuctuatingoveranaveragequantitybutthosechangesare
notsigniﬁcant.Then,redsquaresarethepoloidalvelocityvaluesof
theﬁlamentarystructuresobtainedbytheTransferEntropyatdiﬀer-
entradiallocations.Theresultsareconsistentwiththevaluesfrom
thecode. MagnitudeoftheTEvaluesaresimilarand,moreimpor-
tantly,thevelocitydirectionmatcheswiththeVθ obtainedfromthe
code.Furthermore,thoseresultsshowthattheﬁlamentarystructures
arerotatingasthesamespeedastheplasma.
8.4 Radialwidth
Intheprevioussectionthelength,periodicityandpoloidalvelocity
oftheﬁlamentswerestudiedusingthesamesetofartiﬁcialprobes.
Here,theradialwidthofthesestructuresisstudiedbuttheprobeset
shouldbemodiﬁedsonowitisdistributedradialyataﬁxedangular
position. Theprobesmeasuretheelectrostaticpotentialduringthe
simulations.ThenweapplytheTEtothedatafromthosesimulations.
Thetransferentropycandetecttheconnexionbetweenprobessoit
shouldbeabletocapturewhen(andwhere)aﬁlamentiscrossingthe
referenceprobes. Therefore,astheprobesaredistributedradialy,
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Figure8.8: Solidlineisrepresentingthetemporalaverageofthe
plasmapoloidalvelocity.Dashedanddottedlinesindicatesonestan-
darddeviationfromtheaverage.Redsquaresarethepoloidalvelocity
valuesoftheﬁlamentsusingtheTE.
theTEshouldindicateinwhatradiallocationstheﬁlamenthasbeen
detected.
Thereferenceprobeiskeptinthesameangularlocationatθ=0
andζ=0.Inthisexamplethereferenceprobeisﬁxedatr/a=0.75in
ordertocalculatetheradialwidthoftheﬁlamentarystructurepresent
inthatrationalsurfaceinparticular.Theotherprobesarelocatedat
θ=45◦andζ=180◦. Thesetismadeof400probesdistributed
radialywitharadialspacing∆r=0.0025a.
Asbefore,numericalsimulationsarerunninginthesteadystate
andtheartiﬁcialprobesaremeasuringtheperturbationsoftheelec-
trostaticpotentialΦp.ThentheTransferEntropyisappliedfromthe
referenceprobeataﬁxedradiustoaltheotherprobesalongthera-
dialdirection.LeftpanelinFig.8.9isshowingtheseresults.Soeach
columninthecolormapistheTEfromthereferencepointtoaprobe
locatedatthatspeciﬁcradialposition. Theredverticaldottedline
isindicatingthepositionofthereferenceprobewhichwassetinten-
tionalyintherational8/5.Theotherverticallinesaredisplayingthe
positionofthemainrationalsurfaces. TheﬁgureexhibitshighTE
areasaroundthereferenceprobe.ThatmeansthattheTEtechnique
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Figure8.9:TransferEntropyappliedfromareferenceprobetoaset
ofradialydistributedprobes. Verticaldottedredlineisindicating
theradiallocationofthereferenceprobe(leftpanelr/a=0.75,right
panelr/a=0.50).
hasdetectedwheretheﬁlamentinthereferenceprobehascrossedthe
probeset. Asexpected,theﬁlamenthasbeendetectedinthesame
radialsurface.Thatisconsistentwiththeideaofﬁlamentsbeingin
thesamemagneticrationalsurface. Moreover,theradialwidthofthe
highTEregioncouldbeareasonableestimatoroftheradialwidthof
theﬁlamentarystructure.Ontheotherhand,asthetimelagincreases
thehighTEareaappearsrepetitively,thereasonisthattheﬁlament
isrotatingandiscrossingtheprobesatthosetimes. Furthermore
theTEareasaredecreasingintimeprobablybecausetheﬁlamentis
changingovertimeandtheTEisnotcapabletodetectitafteralong
time.
TherightpanelinFig.8.9isshowingasimilarexample.Inthiscase
thereferenceprobeissetattheﬁxedradialpointr/a=0.50whichis
approximatelythelocationoftherationalsurfacen=11/m=7.The
angularpositionisﬁxed.AhighTEregionaroundthereferenceprobe
isobservedaswel.Again,thatmeansthattheﬁlamentisrotatingin
thesameradialsurface.Thewidthofthatregioncanbealsoagood
approximationoftheradialwidthofthatﬁlament.
Togetthevaluesofradialwidthofthatﬁlamentswecandoa
temporalaverageoftheTransferentropyforeachradialpositionin
Fig.8.9.Figure8.10isshowingthetemporalaverageofTEforthree
cases:ﬁlaments8/5,11/7and14/9.Theverticaldashedlinesindicate
thepositionoftherationalsurfacesstudied. Thethreecurvesshow
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Figure8.10:TemporalaverageTransferentropybetweenareference
probeandasetofprobesdistributedradialyatadiﬀerentangular
position. Theradialpositionofthereferences(wheretherational
surfacesarelocated)areindicatedbyverticaldashedlines.
apeakalmostcentredtotherationalsurface. Theradialwidthof
theﬁlamentarystructurescanberelatedtotheradialwidthofthese
peaks.
Thisradialmethodisnotonlyagoodmethodtoestimateradial
widthofﬁlamentsbuttodetectthelocationofﬁlaments.TheTEcan
identifyisthereisaconnexionbetweenthereferenceprobeandthe
otherradialsetofprobes.
Howeverthismethodhasadrawback. TheTEtechniqueisnot
abletodetectsimultaneousevents.So,inahypotheticalcasewhere
aﬁlamentisnotrotating(orveryslowly)theTEwouldnotdetectit
because:i)theﬁlamentisnotmovinganditisnotcrossingtheset
ofprobesori)theﬁlamentisontheprobesetbutitisnotmoving
sothesignalsinthereferenceprobeandthesetprobearethesame,
withnotimedelay,sotheTEcannotdetectit.
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Chapter9
Filamentarystructuresin
W7-X
InChapter8,usingtheTransferEntropy(TE)technique,ﬁlamentary
structuresintheTJ-IIdevicewerestudied. Wewereabletodetect
thesestructuresandidentifysomeoftheirproperties.Inthischapter
weapplythesameconceptsandmethodsdescribedinChapter8in
ordertostudyﬁlamentarystructuresinthe W7-Xstelarator.
Firstplasmain W7-XwasproducedinDecember2015anditsop-
erationhasbeenimprovedsincethen.Theﬁrstcampaignshavebeen
usedtotestandoptimizeﬁrstplasmasandthediﬀerentdiagnostics.
Atthemomentofwritingthisthesis,nomuchworkhasbeendone
yetinthestudyofﬁlamentsinthe W7-X.However,inRef.[106],us-
ingfastcamerasithasbeenpossibletoobserveﬁlamentarystructures
attheScrape-OﬀLayer.Thispreliminaryobservationssurelywilbe
improvedandbetterdiagnosticswilbeobtainedinthefuture.The
ﬁrstcampaignsarestilfarawaytoreachthedesirablegoalsbutthere
isalotofworktobedone.
Theaimofthischapteristoshowsomeofthepropertiesthatfu-
tureexperimentsinﬁlamentsmayexhibitinthe W7-X.Inthissense,
thenumericalresultsshownheremaybeusedasareferenceinfuture
works. TheTEcanbeused,asinRef.[5],tostudysignalsatdif-
ferentlocationsintheplasmatodetectﬁlamentarystructures. The
techniquecancapturetheconnexionamongdiﬀerentpointsinthe
plasma.
The MHDmodelweareusingforthe W7-Xhastobeseenas
atooltoprovidesomeofthebasicconditionsthatcanbefoundin
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W7-Xplasmas.Underthoseconditionswestudyﬁlamentspresentin
theplasma.AnMHDmodel(seeSec.2.3.5),basedonresistiveinter-
changesmodes,isused.Basedonthiskindofinstabilities,turbulent
structuresmayappearintherationalsurfacesalongthemagneticﬁeld
lines.Therefore,theseturbulentstructuresshouldexhibitaﬁlamen-
tarygeometry.SeeChapter7formoredetails.
AstheTJ-II,theW7-Xhasalowmagneticshear.Thischaracter-
isticalowustoapplythesamemethodsasinChapter8andobtain
diﬀerentresultsbutthesamegeneralconclusions. Alowmagnetic
shearimpliesthatthedensityofloworderrationalsurfacesissmal.
Thesesurfacesarecharacterizedbytherotationaltransformι-=n/m
wherethen/milustratesthenumberoftoroidalperpoloidalturns
ofthemagneticﬁeld. Furthermore,theturbulentstructuresgener-
atedbytheinterchangeinstabilitiesmayextendradialyduetothe
lowmagneticshear.Thelocationofthesestructuresinawideradial
regionfacilitatesitsdetectionandstudy.
9.1 Numericalsimulations
AsinChapter8,wefocusontheelectrostaticpotential. Theﬁrst
reasonisbecausetheresultspresentedherecanbecomparedwith
futureexperimentalobservationsastheonesinTJ-II[5]whereLang-
muirprobeswereusedtomeasuretheﬂoatingpotentialattheplasma
edge.Second,theelectrostaticpotentialdeﬁnestheturbulentﬂow
−→V⊥=−∇Φ×ζˆ. (9.1)
whichseemstobethecauseoftransportbarrierswehaveobservedin
previouschapters.
The MHDmodelwhichwasﬁrstusedinChapter5isusednow
tomeasuretheelectrostaticpotentialatdiﬀerentplasmalocations.
UsingtheTransferEntropy,wecandetecttheconnexionbetweentwo
separatedsignals. Therefore,thetechniquecanidentifyﬁlamentary
structuresandtheirrotation.
Thediﬀerentsignalsareobtainedfromnumericalsimulationsin
asteadystate.Thesteadystateisreachedafterevolvingthemodel
equations(seeSec.2.3.5)usingthe(standard)magneticconﬁguration
(seeFig.5.1)in W7-X.AsintheTJ-II,thelowmagneticshearin
thatconﬁgurationdevelopasmalernumberoflowmmagneticﬂux
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Figure9.1:FluctuatingelectrostaticpotentialΦpinapoloidalcross
sectioninthesteadystateforthe W7-X.
surfacesintheplasmaandtheturbulentvorticescanextendinawide
radialregion.Thus,largeﬁlamentarystructuresassociatedtorational
surfacescanbedetectedeasily.
Inthischapter,thetopologyoftheﬂuctuationsoftheelectrostatic
potentialΦisstudied.Thereforetheﬂuctuatingelectrostaticpotential
isdeﬁnedas
Φp=Φ− Φ
wherethebracketsindicateapoloidalandtoroidalangularaverage.
Figure9.1isshowingtheΦpinatoroidalcrosssectionatthesteady
stateforsomearbitrarytime.Itisclearlyvisibleinr/a=0.45the
eﬀectofthemainrationaln=4/m=5whichisthemostdominant
underthismagneticconﬁguration. Atthislocationthepoloidalpe-
riodicityoftheﬂuctuationcoincideswiththem=5.Thereareﬁve
regionswheretheﬂuctuationsarepositiveandotherﬁvewhereare
negative.Inaddition,onecanobservethewideradialextensionofthe
ﬂuctuationscenteredinthatsurface.Theseﬂuctuationsareextended
alongtheﬁeldlinesformingﬁlamentarystructuresduetheresistive
interchangemodes.Atotherradiallocations,evenwiththepresence
ofhigherorderrationalsurfaces,periodicitiesintheelectrostaticper-
turbationarenotasclear.However,otherﬁlamentarystructuresare
present.
Figure9.2isilustrating(ina W7-Xgeometryforvisualization
purposes)thespatialpointswheretheelectrostaticpotentialisclose
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Figure9.2:SpatialpointsinthesystemwhereΦp>0.9Φpmax repre-
sentedina W7-Xgeometry.
tothemaximumΦp>0.9Φpmax. Usingthissimplyconditionaﬁla-
mentarystructureemergesinthesystem.
Thistwopreviousresultsareshowingthattheperturbationsinthe
electrostaticpotentialhaveaperiodicityandthen,theycanshowa
ﬁlamentarystructure.
Inthenextsectionswewilproposeamethod,basedontheTrans-
ferEntropy,todetectﬁlamentarystructuresfromdiﬀerentsignals.
Themethodcanquantifysomeofthebasicpropertiesoftheﬁlaments
asperiodicity,length,poloidalvelocityandradialwidth.
9.2 Filamentproperties
Usualyexperimentslackofenoughmeasuringspatialpointsandthe
reasonscanbeeconomicalyor, mostofthetimes,practical. For
example,experimentsinRef.[5]areusingtwoLangmuirprobesto
measureﬂoatingpotentialattheedge.Furthermore,probescannot
beenintroducedinthecorebecausetheplasmawilbealteredand
theprobeswilbedamaged.
Ontheotherside,numericalsimulationsalowtoexplorethewhole
system. Asananalogyoftheexperiment,weuseasetofartiﬁcial
probes(measuringpoints)distributedintheplasma. Howeverthis
artiﬁcialprobescanmeasureanyradiallocation.Inparticular,weuse
thesamesetofprobesdescribedinFig.8.5.Thereisoneprobe(we
calitreferenceprobe)locatedatθ=0andζ=0,thenattheopposite
sideofthecylinderζ=180◦thereisasetof120probesdistributed
alongthepoloidaldirectionextendingapoloidalangleθ=270◦.So
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Figure9.3:Theshadeddiagonalareasareshowingthesigniﬁcantly
positiveﬂuctuatingelectrostaticpotentialΦpattheradialposition
r/a=0.45,closetothe4/5rationalsurface.Theredsquareat(0,0)
isthereferenceprobe.Theother120probesareindicatedbythered
squaresatζ=180◦.Adotteddiagonalblacklineisfolowingapath
betweenthereferenceprobeandoneoftheotherprobes.
referenceprobe→ θ=0ζ=0 120probes→
∆θ=2.3◦
ζ=180◦
9.2.1 Filamentlength
Filamentsareusualyverylongstructureswhichextendalongtheﬁeld
lines.Thepurposeoftheprobesistodetectthoseﬁlaments.However
astheﬁlamentsare3Dstructures,evenprobeslocatedclosetoeach
othercoulddetectdiﬀerentpiecesoftheﬁlament.Figure9.3shows
thisidea.ThediagonalshadedareasshowthepositiveΦpvaluesatthe
radialpositionr/a=0.45,closetothen=4/m=5rationalsurface.
Asoneexpects,itshowscorrectlytherationalsurfaceperiodicityin
thisradialposition.Thereferenceprobeisindicatedbyaredsquare
atθ=0andζ=0.Then,atζ=180◦theprobessetisilustratedby
redsquares.
TheshortestpathinFig.9.3betweenthereferenceprobeandone
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oftheotherprobesisshowninadotteddiagonalline.Inthiscasethe
probesareseparatedatoroidalangle∆ζ=180◦andpoloidalangle
θ≈160◦.Theconnexionlength,andthepieceofﬁlamentassociated
toit,canbecalculatedusing
L= (∆θ·r)2+(∆ζ·R0)2 (9.2)
sointhisexampleL≈17m.Thisvalueisclosetothephysicaldistance
(inatoroidaldirection)betweentheseprobes.
Thatwasthesimplecase.However,imagineweareinterestedin
theconnexionlengthbetweenthereferenceprobeandameasuring
pointwhichislocatedaroundθ≈100◦.Inthatcasetheconnexion
lengthwilbemuchlongersinceitneedsmorethanonetoroidalturn
toconnectbothprobes.InthiscasetheconnexionlengthisL=52m
evenifthedistancebetweenprobesis,asbefore,approximately17m.
Thereforeprobesseparatedapoloidalangleθ=50◦(realsepara-
tion50cm)aredetectingpiecesofﬁlamentswithdiﬀerentlength.In
experiments,wherethenumberofprobesissmal,thatcanberelevant
andshouldbetakenintoaccount.
9.2.2 Filamentperiodicity
TheartiﬁcialprobesmeasuretheΦpduringthesteadystate. Asan
example,theelectrostaticpotentialismeasuredatr/a=0.45closeto
therationalsurface4/5.ThentheTransferEntropyisappliedfrom
thereferenceprobe(ζ=0)toaltheotherprobes(ζ=180◦).The
resultsareshowninFig.9.4whereeachcolumnistheTEresultof
applyingthetechniquefromthereferenceprobetoeachpoloidalangle.
AsinChapter8,highTEareasarefound,atthesametimelag,to
beperiodicinthepoloidalangle.Forafulpoloidalanglewefound
aperiodicityequaltoten. Thatistwicethepoloidalperiodicityof
therationalsurfacem=5andthereasonisthattheTEisdetecting
ﬁlamentswithpositiveandnegativevaluesofΦp.
Aperiodicityinthetimelagisaswelobservedbecausediﬀerent
piecesoftheﬁlamentarecrossingtheprobe.Butaftersometimelag
theTEdiminishesprobablybecausetheﬁlamentischanging.However
forlongtimelagstheTEincreasesagain,wesuggestthatisbecause
theinitialpieceofﬁlamentcrossestheprobeagainafterafulpoloidal
rotation.
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Figure9.4:Transferentropybetweenthereferenceprobeatζ=0and
the120setprobeatζ=180◦.Electrostaticpotentialismeasuredat
r/a=0.45.
SimilarresultsareobtainedforΦpmeasurementsatdiﬀerentradial
locations.TheTEcancaptureasweltheperiodicityoftherational
surfacewherethemeasurementsaretakingplace.
9.2.3 Poloidalvelocity
InFig.9.4theperiodicityoftheﬁlamentisstudied. HighTEareas
indicatethedetectionofapieceofﬁlament.Theseareashaveatilted
elipticalshape.Thetiltisduethefactthattheﬁlamentisrotating
andasthetimelagincreasestheﬁlamentisdisplacinginthepoloidal
direction.
Thetiltcanbeusedasatooltodeterminethepoloidalvelocityof
theﬁlament.Thevelocitycanbecalculatedusing(sameasEq.8.4)
Vθ =ωr=(∆θ/∆τ)r (9.3)
where∆θisthedisplacedpoloidalangleinatime∆τ.Thesevalues
canbeextractedfromtheﬁgureasshownintheschematicatthe
upperrightontheleftpanelinFig.8.7.
Therefore,byusingtheTransferentropywecancalculatethe
poloidalvelocityofﬁlamentsatdiﬀerentradiallocations. Onthe
otherhand,thetiltinthehighTEareasseemstohaveanegative
slopeasthepoloidalangleincreasesinFig.9.4.Thesignintheslope
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Figure9.5: Solidlineisrepresentingthetemporalaverageofthe
plasmapoloidalvelocity.Dashedanddottedlinesindicatesonestan-
darddeviationfromtheaverage.Redsquaresarethepoloidalvelocity
valuesoftheﬁlamentsusingtheTE.
isindicatingaswelthesigninthepoloidalvelocityasitwasshown
inSec.8.3.3.
Figure9.5showstheresultofthismethod.Thereddotsindicate
thepoloidalvelocityoftheﬁlamentsatdiﬀerentradialpositions.The
solidgreenlineistheaveragepoloidalvelocitycalculatedfromthe
numericalcode. Thepoloidalvelocityhasbeentimeaveragedfor
atimelongerthanafulpoloidalrotationofmanyﬁlaments. The
dashedanddottedlinesareindicatingonestandarddeviationfrom
theaveragepoloidalvelocity. TheresultobtainedbytheTEagrees
withtheplasmapoloidalrotationobtainedbythenumericalcode.Not
onlythevaluesareingoodagreementbutthedirectionisthecorrect.
Wecanconcludethattheﬁlamentsarerotatingwiththeplasma
itselfatthesamepoloidalvelocity.
9.3 Radialwidth
Nowwestudytheradialwidthoftheseﬁlamentarystructures. As
itwasmentionedbefore,the W7-Xhasalowmagneticshearwhich
alowsthatturbulentstructures,drivenbyinterchangemodes,extend
intoawideradialextension.UsingtheTransferentropyweareable
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Figure9.6:TransferEntropyappliedfromareferenceprobetoaset
ofradialydistributedmeasuringpoints. Verticaldottedredlineis
indicatingtheradiallocationofthereferenceprobe.
toestimatearadialextensionofthatturbulentstructures.
Intheprevioussectionwestudieddiﬀerentpropertiesoftheﬁl-
amentarystructuresaslength,periodicityandpoloidalvelocity. Al
thatpropertieswerestudiedusingthesamemeasuringpointconﬁgu-
ration.Inthatsectiontheprobesweredistributedalongthepoloidal
anglesowewereabletodetectwhenaﬁlamentcrossthosemeasuring
points.Heretheprobeconﬁgurationmustbemodiﬁed.Thereference
probeiskeptattheangleθ=0andζ=0and,forthenextexample,
r/a=0.80.Thatradiallocationischosenonpurposeasitiscloseto
therationalsurfacen=5/m=6.Thesetofmeasuringpointsisat
ζ=180◦andθ=45◦where400probesaredistributedradialywith
aradialspacing∆r=0.0025a
Asbefore,wemeasuretheﬂuctuationoftheelectrostaticpotential.
ThentheTransferEntropyisappliedfromthereferencepointtoeach
ofthemeasuringpointsdistributedradialy.Figure9.6showstheTE
results. Thecolormapisbuiltinthisway:foreachradialposition
theTEiscalculatedfromthereferenceprobetoameasuringpointin
thatparticularradiallocation.Adottedredverticallineindicatesthe
radialpositionofthereferencesignal. Otherverticallinesshowthe
positionofthemainrationals.ForshorttimelagsahighTEareais
observedaroundtheradiallocationr/a≈0.80.Theradialsizeofthis
highTEcouldbeagoodestimateoftheradialsizeoftheﬁlamentary
structure.ForlongertimelagsotherhighTEareasappearatdiﬀerent
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Figure9.7: TemporalaverageTransferentropybetweenareference
probeandasetofprobesdistributedradialyatadiﬀerentangular
position. Theradialpositionofthereferences(wheretherational
surfacesarelocated)areindicatedbyverticaldashedlines.
rationalsurfacespossiblyduetoamodecoupling.Futureworkcould
studytheseeﬀects.
UsingFig.9.6wewereabletoestimatearadialwidthofaturbulent
structurelocatedaroundthen=5/m=6. Thesamestudycan
beappliedtodiﬀerentﬁlamentarystructurespresentintheplasma.
Figure9.7showstheresultsofthemethodforthreediﬀerentcases:
aturbulentstructuregeneratedatn=4/m=5(dottedgreenline),
n=5/m=6(dashedredline)andn=6/m=7(solidblueline)
respectively. The5/6curveisthetemporalaverageoftheTransfer
Entropy(seeFig.9.6)overatimelag∆τ=0.00025τR. Theother
twocurvesareobtainedinasimilarwaybutforaTEcalculatedin
thereferenceprobeattheradiallocationofrationalsurfaces4/5and
6/7respectively. Thethreecurvesexhibitapeakaroundtheradial
locationoftherationalsurface(verticallines). Thewidthofthese
peakscanbeagoodestimatoroftheradialwidthoftheturbulent
structures.
Chapter10
Conclusions
InthisthesiswehaveanalyzedheattransportinthestelaratorsTJ-II
and W7-XusinganMHDmodel.Todosowehaveproposedanew
techniquecaledTransferEntropy(TE).TheTEhasbeenpresentedas
anoveltechniquetoanalyzetimesignalsfromnumericalsimulations
orexperiments.Itisabletostudyheattransportandquantifyit.Nu-
mericalsimulationsarecomparedwithexperimentalresultsshowing
similarconclusions. Heattransportisbeingaﬀectedbytheplasma
rotationintheso-caled(mini)transportbarriers.Thesebarriersare
causedbytheaverageﬂowgeneratedbytheinstabilitiesintheplasma.
Duethenatureoftheseinstabilities(interchangemodes),turbulent
vorticesarepresentasﬁlamentarystructures. Wehaveshownthat
theTransferEntropycandetectandanalyzethesestructures.There-
forewehaveseenhowtheTransferEntropyisapowerfultechnique
whichcanbeusedinplasmaphysicsinthestudyofheattransport
andﬁlamentsinfusiondevices.
TheTransferEntropyisappliedtoTJ-IIplasmassimulationsin
Chapter4. Usingaperturbativemethodwehaveshownthatthe
TEcandetecthowheatperturbationsarebeingtransportedinthe
plasma. Heattransportwasobservedtobenot“smooth”soper-
turbationsevolvediﬀerentlyatdiﬀerentradiallocations. Weobserve
regionswhereheattransportisfasterandotherregionswheretheper-
turbationsseemstobetrappedorsloweddown. Wecaltheseregions
minitransportbarriers. Themainreasonforthisdistincttransport
atdiﬀerentradiusistheplasmarotation. Theplasmarotateswith
anaveragepoloidalﬂowwhichvariesateachradiallocation.Thera-
dialvariation(shear)inthepoloidalﬂowseemstobemaincausefor
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thetransportbarriers.TheTEhavebeencomparedwiththecross-
correlationmethodandtheTransferEntropyexhibitsbetterperfor-
manceinthestudyofheattransport.Furthermore,theTEhasbeen
appliedtonumericalsimulationsoftwoTJ-IIplasmaswithdiﬀerent
magneticconﬁgurationandanalogousconclusionsareobtained:TE
cananalyzeheattransportandthistransportisbeingaﬀectedby
plasmarotation.Thenumericalresultsarecomparedwiththeexper-
imentshowingsimilarconclusions.
Chapter5ilustratestheanalysisofheattransportinthe W7-X
stelarator. Wehavesimulatedthebasicplasmaconditionsinthat
deviceand,usingtheperturbativemethod,theTEhasbeenapplied
inordertoexamineheattransport.Transportbarriershavebeenob-
servedaswelatdiﬀerentradiallocationsandtheplasmarotation
appearsagaintobethe mainreasonofthenon-continuoustrans-
port. Ournumericalsimulationshavebeencomparedwithexperi-
mentalresultsoftheﬁrstcampaigninW7-X.Theexperimentalresults
shows,usingtheTransferEntropy,thattransportbarriersappearin
theplasma.
Aquantitativeapproachtostudyheattransport,basedonthe
TransferEntropy,hasbeendescribedinChapter6.Inthisapproach
weassumethatheattransportisingeneralnotdiﬀusivebutanef-
fectivediﬀusivityisapplicableatsmalradialintervals.Thisway,for
eachradialpositionavalueofdiﬀusivitycanbeestimatedassuming
thatinthatsmalregiondiﬀusivityisconstant. Theapproachhas
beenappliedtoasimplediﬀusivemodeltodemonstrateitseﬀective-
ness.ThenithasbeenappliedtoournumericalsimulationsofTJ-II
plasmaswithdiﬀerentmagneticconﬁgurations. TheTEapproach
resultshavebeencomparedtodiﬀusivevaluesobtainedbylocalquan-
tities(gradientandﬂux)andsimilarvalueswereobtained.Hencewe
haveshownthattheTransferEntropycanbeusedaswelasatoolto
estimateandquantifyheattransport.
Theplasmarotationseemstobethereasontoobserveanoncon-
tinuoustransport.Theinteractionofturbulentinstabilitiesproduces
anaveragepoloidalvelocity.InChapter7wehaveseenhowinter-
changeinstabilitiescreateturbulentvortices. Thesevorticesare3D
structureswhicharelocalizedalongtheﬁeldlinesattherationalsur-
faces.Suchvorticeshaveaﬁlamentarygeometry.
InChapter8ﬁlamentarystructuresintheTJ-IIhavebeenana-
lyzedusingtheTransferEntropy.Theworkpresentedhereinterprets
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andvalidatestheexperimentalresults.Inthatexperimentsthepres-
enceofﬁlamentsinTJ-IIwasobservedusingtheTEtechnique.An
analogousmethodisusedinournumericalsimulations. TheTEis
appliedtothenumericaldataanddiﬀerentﬁlamentarystructuresare
detected.Furthermore,theTEcandeterminesomeoftheproperties
ofthesestructures.Asitwasexpected,wefoundﬁlamentsaroundthe
mainrationalsurfaceswithaperiodicityequaltotheperiodicityof
thesurface.Thepoloidalvelocityoftheﬁlamentswasestimatedusing
theTEanditcoincideswiththeplasmapoloidalvelocitysoﬁlaments
arerotatingwiththeplasmaitself.Theradialwidthofthestructures
canbeasweldeterminedbytheTE.Theﬁlamentarystructuresare
locatedattherationalsurfacesbuttheyareextendedradialy.
Filamentarystructuresin W7-Xplasmasareanalyzedaswelus-
ingtheTransferEntropyinChapter9. Thetechniqueisappliedto
thenumericalsimulationsofﬁrstplasmasin W7-X.Usingthesame
methodasthepreviouschapter,ﬁlamentshavebeenfoundandcertain
propertiesasperiodicity,velocityandradialwidthhavebeenobtained.
Thenumericalresultspresentedheremaybeaguidetointerpretfu-
tureexperimentsinﬁlamentsinthecomingexperimentalcampaigns
in W7-X.
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Chapter11
Conclusiones
Enestatesishemosanalizadoeltransportedecalorenlosstelarators
TJ-IIy W7-Xusandounmodelo MHD.Paraelohemospropuesto
unat´ecnicanovedosalamadaTransferenciadeEntrop´ıa(TE).LaTE
hasidopresentadacomounainnovadorat´ecnicaparaanalizarse˜nales
temporalesobtenidasapartirdesimulacionesnum´ericasoexperimen-
tos.LaTEescapazdeanalizareltransportedecalorycuantiﬁcarlo.
Sehancomparadosimulacionesnum´ericasconresultadosexperimen-
talesmostrandoconclusionessimilares. Eltransportedecalorseve
afectadoporlarotaci´ondelplasmaenlaslamadas(mini)barrerasde
transporte.Estasbarrerasest´ancausadasporelﬂujopromediogener-
adodebidoalasinestabilidadesenelplasma.Debidoalanaturaleza
deestasinestabilidades(modosdeintercambio),v´orticesdeturbu-
lenciaaparecenenelplasmacomoestructurasﬁlamentarias. Hemos
mostradocomolaTransferenciadeEntrop´ıapuededetectaryanalizar
esasestructuras.Porlotanto,hemosmostradocomolaTransferen-
ciadeEntrop´ıaesunapoderosat´ecnicalacualpuedeserusadaen
f´ısicadeplasmasenelestudiodetransportedecaloryﬁlamentosen
dispositivosdefusi´onnuclear.
LaTransferenciadeEntrop´ıahasidoaplicadaasimulacionesde
plasmasenelTJ-IIenelCap´ıtulo4. Usandounm´etodoperturba-
tivohemosmostradoquelaTEpuededetectarc´omoperturbacionesde
calorsetransportanenelplasma.Sehaobservadoqueeltransportede
calornoes“suave”pueslasperturbacionesevolucionandiferentemente
endiferentesposicionesradiales.Observamosregionesdondeeltrans-
portedecaloresm´asr´apidoyotrasregionesdondelasperturbaciones
parecenseratrapadasofrenadas.Llamamosaesasregionesminibar-
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rerasdetransporte.Laprincipalraz´onparaestedistintotransporteen
diferentesradioseslarotaci´ondelplasma.Elplasmarotaconunﬂujo
promediopoloidalelcualvar´ıaencadaposici´onradial.Lavariaci´on
radial(cizala)enelﬂujopoloidalpareceserlaprincipalcausadelas
barrerasdetransporte.LaTEhasidocomparadaconelm´etodode
correlaci´oncruzadaylaTransferenciadeEntrop´ıamuestraunmejor
comportamientoenelestudiodeltransportedecalor.Adem´as,laTE
hasidoaplicadaasimulacionesnum´ericasdedosplasmasenelTJ-II
condiferenteconﬁguraci´onmagn´eticaysehanobtenidoconclusiones
an´alogas:laTEpuedeanalizareltransportedecaloryestetransporte
vieneafectadoporlarotaci´ondelplasma.Losresultadosnum´ericos
sehancomparadoconlosexperimentosmostrandoconclusionessimi-
lares.
ElCap´ıtulo5ilustraelan´alisisdeltransportedecalorenelstelara-
torW7-X.Hemossimuladolascondicionesb´asicasenesedispositivoy,
usandoelm´etodoperturbativo,laTEsehaaplicadoparaanalizarel
transportedecalor.Sehanobservadotambi´enbarrerasdetransporte
endiferenteslocalizacionesradialesylarotaci´ondelplasmapareceser
laprincipalcausaparaesetransportenocontinuo.Nuestrassimula-
cionesnum´ericassehancomparadoconlosresultadosexperimentales
delaprimeracamapa˜naenel W7-X.Losresultadosexperimentales
muestran,usandolaTransferenciadeEntrop´ıa,quelasbarrerasde
transporteaparecenenelplasma.
Unm´etodocuantitativoparaestudiareltransportedecalor,basado
enlaTransferenciadeEntrop´ıa,sedescribeenelCap´ıtulo6.Eneste
m´etodoasumimosqueeltransportedecaloresengeneralnodifusivo
perounadifusividadefectivasepuedeaplicarenpeque˜nosintervalos
radiales.Deestamanera,paracadaposici´onradialsepuedeestimar
unvalordedifusividadasumiendoqueenunapeque˜naregi´onladi-
fusividadesconstante. Estem´etodohassidoaplicadoaunmodelo
simpledifusivoparademostrarsuefectividad.Luegosehaaplicadoa
nuestrassimulacionesnum´ericasdeplasmasenelTJ-IIcondiferentes
conﬁguracionesmagn´eticas. El m´etodoTEhasidocomparadocon
valoresdedifusividadobtenidosdirectamentedemagnitudeslocales
(gradienteyﬂujo)ysehanobtenidovaloressimilares.Porconsigu-
ientehemosmostradoquelaTransferenciadeEntrop´ıapuedeusarse
tambi´encomounaherramientaparaestimarycuantiﬁcareltransporte
decalor.
Larotaci´ondelplasmapareceserlaraz´onporlaqueobservamos
135
untransportenocontinuo.Lasumaeinteracci´ondetodasestasin-
estabilidadesproduceunvelocidadpoloidalpromedio.EnelCap´ıtulo
7hemosobservadoc´omolasinestabilidadesdeintercambiogeneran
v´orticesdeturbulencia.Estosv´orticessonestructurasentresdimen-
sionesqueest´anlocalizadasalolargodelaslineasdecampoenlas
superﬁciesracionales.Deestamaneralosv´orticestieneunageometr´ıa
ﬁlamentaria.
EnelCap´ıtulo8lasestructurasﬁlamentariasenelTJ-IIhansido
estudiadasusandolaTransferenciadeEntrop´ıa. Eltrabajopresen-
tadoaqu´ıinterpretayvalidaslosresultadosexperimentales.Enesos
experimentosseobserv´olapresenciadeﬁlamentosenelTJ-IIus-
andolat´ecnicaTE.Un m´etodoan´alogoesusadoennuestrassim-
ulacionesnum´ericas. HemosaplicadolaTEalosdatosnum´ericos
ydiferentesestructurasﬁlamentariassehanobservado. Adem´as,la
TEpuededeterminaralgunasdelaspropiedadesdeestasestructuras.
Comoseesperaba,encontramosﬁlamentosenlasprincipalessuper-
ﬁciesracionalesconunaperiodicidadigualalaperiodicidaddela
superﬁcie. Lavelocidadpoloidaldelosﬁlamentosfueestimadaus-
andolaTEycoincideconlavelocidadpoloidaldelplasmaporlo
tantolosﬁlamentosrotanconelpropioplasma. Elanchoradialde
estasestructurastambi´enpuedeserdeterminadoporlaTE.Lases-
tructurasﬁlamentariasest´anlocalizadasenlassuperﬁciesracionales
peroseextienderadialmente.
Lasestructurasﬁlamentariasenplasmasdel W7-Xsontambi´en
analizadasusandolaTransferenciadeEntrop´ıaenelCap´ıtulo9.La
t´ecnicaesaplicadaensimulacionesnum´ericasdelosprimerosplasmas
en W7-X.Usandolamismametodolog´ıadelanteriorcap´ıtulo,en-
contramosﬁlamentosyobtenemosalgunasdesuspropiedadescomo
periodicidad,velocidadyanchuraradial. Losresultadosnum´ericos
presentadosaqu´ıpuedeservirdeguiaparainterpretarfuturosexper-
imentosenﬁlamentosenlaspr´oximascampa˜nasexperimentalesdel
W7-X.
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AppendixA
FARcode
TheFARcodewasdevelopedattheOakRidgeNationalLaboratory
inthe1980’sasanumericalcodetosolveﬂuidequationsfortoroidaly
conﬁnedfusionplasmas.Previouscodes,asKITE,workedinacylin-
dricalgeometrybutFARintroducedtheoptionofatoroidalgeometry
(FiniteAspectRatio).
Thenumericalcodeusesanimplicitmethodtosolvelinearﬂuid
equations.ThevariablesareexpressedasaFourierexpansionofthe
form
f(r,θ,ζ,t)=
m,n
fsm,n(r,t)sin(mθ+nζ)+fcm,n(r,t)cos(mθ+nζ).
(A.1)
TheFourierComponentsarediscretizedusingﬁnitediﬀerencesin
timeandradialdirection.
Theequationsaresolvedinthefolowingway. Thevariables(or
ﬁelds)canbewrittenasavectorwhosecomponentsarethemodes(or
Fourierharmonics)atdiﬀerentgridpointsatagiventimeyt=xt(l,j),
wherelisthemodeindexandjtheradialpoint,
xt=


xt(1)..
xt(j)..
xt(mj)


, (A.2)
139
140 APPENDIXA.FARCODE
wheremjisthetotalradiallengthand
xt(j)=


ψ(j,l1)..
ψ(j,lmax)
Φ(j,l1)..
Φ(j,lmax)..


, (A.3)
beingψandΦarbitraryﬁelds.
Thelinearpartoftheequationscanbewrittenas
Lddty=Ry (A.4)
L y
t+∆t−yt
∆t =R
yt+∆t+yt
2 (A.5)
L−∆t2R y
t+∆t= L+∆t2R y
t (A.6)
whereyisthearrayofvariablesandLandRthetridiagonalmatrices
fromthediscretizationofderivatives

A(1) B(1) 0 0 ··· ··· 0
C(2) A(2) B(2) 0 ··· ··· 0
... ...
0 0 ··· C(j) A(j) B(j) 0 ··· 0
... ...
0 0 ··· ··· ··· 0 C(mj−2) A(mj−2) B(mj−2)
0 0 ··· ··· ··· 0 0 C(mj−1) A(mj−1)


.
(A.7)
Oncethematricesaredeﬁned,totimeadvancetheequationswe
add2Landchangethesignfromtheprevioustimestep,forexample
t1→t2,
2Lyt1− L−∆t2R y
t1= L+∆t2R y
t1
(L−∆t2R)yt2
. (A.8)
Thenonlinearcomponentsareexplicitlyaddedateachtimestep
usingthethirdorderAdams-Moultonalgorithm ∼O(∆t)3 solved
usingapredictor-correctormethod.
AppendixB
TransferEntropy
computation
HerewequalitativelyexplainhowtheTransferEntropy(TE)iscal-
culated.Thisappendixprovidesthemainideaofthealgorithm.
TheTransferEntropyisappliedtotwotimeseriesX=(x1,x2,...)
andY=(y1,y2,...). Wedeﬁnethevariables
x(j)n =(xn−k,...,xn−k·j) (B.1)
y(l)n =(yn−k,...,yn−k·l) (B.2)
whicharetimeseriesofpreviousstatessok,j,l∈N. Thegeneral
deﬁnitionofTransferEntropyis
TY→X= pxn+1,x(j)n,y(l)n log2
pxn+1|x(j)n,y(l)n
pxn+1|x(j)n
(B.3)
butforsimplicity[69]wetakej=l=1sothevectorsx(j)n =xn−k
andy(l)n =yn−konlyhaveonevaluewhichdependsonthe“timelag”
k.ThentheTransferentropybecomes
TY→X(k)= p(xn+1,xn−k,yn−k)log2p(xn+1|xn−k,yn−k)p(xn+1|xn−k) . (B.4)
Theconditionalprobabilitiescanberewrittenknowingthat
p(x|y)=p(x,y)p(y), (B.5)
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p(xn-k) m=1 m=2 m=3
xmin xmax
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FigureB.1:Schematicofp(xn−k)constructionusingmbins.
sotheTransferEntropyisactualycalculatedusing
TY→X(k)= p(xn+1,xn−k,yn−k)log2p(xn+1,xn−k,yn−k)p(xn−k)p(xn−k,yn−k)p(xn+1,xn−k).(B.6)
Therefore,weneedtocomputethefourprobabilitydistribution
functions(pdf)tocalculatetheTE.Eachofthepdfiscalculated
usingadiscretenumberofbinsaswewilshow. Thesummationin
theTEequationcorrespondtothesumofalthesebins. Wecalm
thenumberofbinsineachdimension.Forexample,inp(xn−k)the
numberofbinsisjustmbutforp(xn+1,xn−k,yn−k)thenumberism3.
Thenumberofbinsmustbekeptsmalinordertoguaranteestatistical
signiﬁcance[69],whichintheliteratureisknownascoarsegraining.
Duetotheamountofdatawhichusualyisobtainedinplasmaphysics
(specialyinnumericalsimulations)thisnumbershouldbesmal.In
oursimulationsthedatasizeisusualylowerthan103som=3is
usedinouranalysis.
Noticethat,duringthepdfcalculations,thetimeseriesarereduced
asthevaluekincreases.ThereforeforhighvaluesofktheTEcanbe
alteredbythecoarsegraining.Toavoidthisproblem,inalthiswork
theTEiscalculatedforvaluesofkuptohalfofthetimeseries.
Thepdfsarecalculatedinthefolowingway.Theeasiestfunction
isthep(xn−k)andithasonlythreebins. Thepdfwilbebounded
bytheminimum(xmin)andmaximum(xmax)valuesof(xn−k).Figure
B.1showsanschematicofthepdfdividedinbins.Toconstructthe
pdf,foraﬁxedk,onegoesthroughalthexn−kvaluesand,foreach
valueofn,addoneunittothecorrespondingmbin.Thenthepdfis
normalized.
Thep(xn−k,yn−k)isconstructedinasimilarwaybutintwodimen-
sions.FigureB.2ilustratestheschematicofbinsforthisparticular
pdf. Herewegothroughalthenvaluesinbothsignalsxn−kand
yn−kandweaddoneunittothecorrespondingbininFig.B.2.The
othertworemainingpdfs(p(xn+1,xn−k,yn−k)andp(xn+1,xn−k))are
obtainedusingthesamemethodbutintheirrespectivelydimensions.
p(xn-k,yn-k)
xmin xmaxxn-k
y n-
k
ymin
ymax
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FigureB.2:Schematicofp(xn−k,yn−k)construction.
Inparticularthep(xn+1,xn−k,yn−k)wilbethree-dimensional.
Oncealthepdfsaregenerated,thenextsteptogettheTE
(Eq.B.6)istosumalthebins. Foreachterminthesummation
thecorrectbinhastobechoosen.Todoso,imaginewetakeonebin
inp(xn+1,xn−k,yn−k). Thatbinsharesoneortwodimensionswith
eachoftheotherpdf
pxn+1,xn−k,yn−k → pxn−k,yn−k (B.7)
pxn+1,xn−k,yn−k → pxn−k (B.8)
pxn+1,xn−k,yn−k → pxn+1,xn−k , (B.9)
noticethattheyshare,byconstruction,thesameboundariesinthe
samedimension.
Asanexamplewetakeonebininp(xn+1,xn−k,yn−k)whichisthe
thirdinthexn+1direction,theﬁrstinxn−kdirectionandthesecondin
yn−kdirection.Toidentifythisbinweusethenotationpx,x,y{3,1,2}
wherethenaturalnumbersinthebracketsindicatethepositionineach
directionandthesubindexesrepresentthedimensions. Therefore,
usingthesamenotation,thecorrespondingbinsintheotherthree
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pdfswilbe
p(xn−k,yn−k) → px,y{1,2} (B.10)
p(xn−k) → px{1} (B.11)
p(xn+1,xn−k) → px,x{3,1}. (B.12)
So,forthisexample,theterminthesummationintheTEis
px,x,y{3,1,2}log2px,x,y{3,1,2}px{1}px,y{1,2}px,x{3,1}. (B.13)
AltheothertermsintheTEarecalculatedinasimilarway,thenal
the27termsaresummed.Thisalgorithmisvalidforthecalculationof
thesimpliﬁedTransferEntropy(Eq.B.6)wheretheindexesj=l=1.
HoweverformoregeneralversionsoftheTE,theseindexesmaybe
largerthan1and,asaconsequence,thepdfswilbemultidimensional.
Bibliography
[1]B.Ph.van Miligen,J.H.Nicolau,L.Garc´ıa,B.A.Carreras,
C.Hidalgo,andtheTJ-IITeam.Theimpactofrationalsurfaces
onradialheattransportinTJ-II.NuclearFusion,57(5):056028,
2017.
[2]B.A.Carreras,I.LlerenaRodr´ıguez,andL.Garc´ıa. Topologi-
calstructuresoftheresistivepressuregradientturbulencewith
averagedpoloidalﬂow.NuclearFusion,54(10):103005,2014.
[3]B.Ph.van Miligen, U. Hoefel, J.H. Nicolau, M. Hirsch,
L.Garc´ıa,B.A.Carreras,C.Hidalgo,andthe W7-XTeam.
Studyofradialheattransportin W7-Xusingthetransferen-
tropy.NuclearFusion,58(7):076002,2018.
[4]J.H.Nicolau,L.Garc´ıa,B.A.Carreras,andB.Ph.vanMiligen.
Applicabilityoftransferentropyforthecalculationofeﬀective
diﬀusivityinheattransport.PhysicsofPlasmas,25(10):102304,
2018.
[5]B.Ph.vanMiligen,J.H.Nicolau,B.Liu,G.Grenfel,U.Losada,
B.A.Carreras,L.Garc´ıa,C.Hidalgo,andTheTJ-IITeam.Fil-
amentsintheedgeconﬁnementregionofTJ-II.NuclearFusion,
58(2):026030,2018.
[6]Pedersen T.Sunn, M. Otte,S.Lazersonan P. Helander,
S.Bozhenkov, C.Biedermann, T. Klinger, R.C. Wolf, H.S.
Bosch,andthe W7-XTeam. Conﬁrmationofthetopologyof
the Wendelstein7-Xmagneticﬁeldtobetterthan1:100,000.
NatureCommunications,7:13493,2016.
145
146 BIBLIOGRAPHY
[7]RogerFouquetandStephenBroadberry.Sevencenturiesofeu-
ropeaneconomicgrowthanddecline.JournalofEconomicPer-
spectives,29(4):227–44,November2015.
[8]S.Bilgen. Structureandenvironmentalimpactofglobalen-
ergyconsumption.RenewableandSustainableEnergyReviews,
38:890–902,2014.
[9] MassimoLiviBacci.Aconcisehistoryofworldpopulation.John
Wiley&Sons,2017.
[10]Peter M.Cox,RichardA.Betts,ChrisD.Jones,StevenA.
Spal,andIanJ.Totterdel.Accelerationofglobalwarmingdue
tocarbon-cyclefeedbacksinacoupledclimatemodel.Nature,
408(3):184,2006.
[11]JohnCook,NaomiOreskes,PeterT.Doran, WiliamR.L.An-
deregg,BartVerheggen,Ed W. Maibach,J.StuartCarlton,
StephanLewandowsky,AndrewG.Skuce,SarahA.Green,Dana
Nucciteli,PeterJacobs,MarkRichardson,B¨arbelWinkler,Rob
Painting,andKenRice. Consensusonconsensus:asynthesis
ofconsensusestimatesonhuman-causedglobalwarming.Envi-
ronmentalResearchLeters,11(4):048002,2016.
[12]UnitedNations(ClimateChange).Parisagreement,2015.
[13]HualiangLin,TaoLiu,JianpengXiao, WeilinZeng,XingLi,
LingchuanGuo,YonghuiZhang,YanjunXu,JunTao,Hong
Xian,Kevin M.Syberg,Zhengmin(Min)Qian,and Wenjun
Ma. Mortalityburdenofambientﬁneparticulateairpolution
insixchinesecities: Resultsfromthepearlriverdeltastudy.
EnvironmentInternational,96:91–97,2016.
[14]ShuxiaoWang,JiaXing,BinZhao,CareyJang,andJimingHao.
Eﬀectivenessofnationalairpolutioncontrolpoliciesontheair
qualityinmetropolitanareasofchina.JournalofEnvironmental
Sciences,26(1):13–22,2014.
[15] WilfredLKohl.Frenchnucleardiplomacy.PrincetonUniversity
Press,2015.
BIBLIOGRAPHY 147
[16]JessicaR.Lovering,ArthurYip,andTedNordhaus. Histori-
calconstructioncostsofglobalnuclearpowerreactors.Energy
Policy,91:371–382,2016.
[17]GeorgSteinhauser,AlexanderBrandl,andThomasE.Johnson.
Comparisonofthechernobylandfukushimanuclearaccidents:
Areviewoftheenvironmentalimpacts. ScienceofTheTotal
Environment,470-471:800–817,2014.
[18] MinisteriodeEnergia,TurismoyAgendaCultural.Laenergia
enEspa˜na2016.GobiernodeEspa˜na,2016.
[19]SamuelS.M. Wong.Introductorynuclearphysics. Wiley-VCH,
1999.
[20]JeﬀreyP.Freidberg.PlasmaPhyiscsandFusionEnergy.Cam-
bridgeUniversitypress,CambridgeUniversityPress,NewYork,
2007.
[21]Neil P.Taylor,EdwardT.Cheng,DavidA.Petti,and Mas-
simoZucchetti. Overviewofinternationalwastemanagement
activitiesinfusion.FusionTechnology,39(2P2):350–356,2001.
[22]K.Huang.Statistical Mechanics(2nded.). John Wileyand
Sons,1987.
[23]A.E.Costley. Onthefusiontripleproductandfusionpower
gainoftokamakpilotplantsandreactors. NuclearFusion,
56(6):066003,2016.
[24] MartinGreenwald.Densitylimitsintoroidalplasmas.Plasma
PhysicsandControledFusion,44(8):R27,2002.
[25]FrancisF.Chen.IntroductiontoPlasmaPhysicsandControled
Fusion.Springer,2016.
[26]C. M.BraamsandP.E.Stott.NUCLEARFUSION.Halfa
CenturyofMagneticConﬁnementFusionResearch.Instituteof
PhysicsPublishing,2002.
[27]JeﬀreyP.Freidberg.IdealMHD.CambridgeUniversitypress,
CambridgeUniversityPress,NewYork,2014.
148 BIBLIOGRAPHY
[28]J.A. Wesson,R.D.Gil,M.Hugon,F.C.Sch¨uler,J.A.Snipes,
D.J. Ward,D.V.Bartlett,D.J.Campbel,P.A.Duperrex,A.W.
Edwards,R.S.Granetz,N.A.O.Gottardi,T.C.Hender,E.Laz-
zaro,P.J.Lomas,N.LopesCardozo,K.F.Mast,M.F.F.Nave,
N.A.Salmon,P.Smeulders,P.R.Thomas,B.J.D.Tubbing,M.F.
Turner,andA. Weler. DisruptionsinJET. NuclearFusion,
29(4):641,1989.
[29]JetDesignTeam.TheJETproject.DesignProposalEURJET
R5.CommissionoftheEuropeanCommunities,1976.
[30]JETTeam.Fusionenergyproductionfromadeuterium-tritium
plasmainthejettokamak.NuclearFusion,32(2):187,1992.
[31]RAymar,PBarabaschi,andYShimomura.TheITERdesign.
PlasmaPhysicsandControledFusion,44(5):519,2002.
[32] M.Shimada, D.J.Campbel, V. Mukhovatov, M.Fujiwara,
N.Kirneva,K.Lackner,M.Nagami,V.D.Pustovitov,N.Uckan,
J. Wesley,N.Asakura,A.E.Costley,A.J.H.Donn´e,E.J.Doyle,
A.Fasoli,C.Gormezano,Y.Gribov, O.Gruber,T.C.Hen-
der, W.Houlberg,S.Ide,Y.Kamada,A.Leonard,B.Lip-
schultz,A.Loarte,K.Miyamoto,V.Mukhovatov,T.H.Osborne,
A.Polevoi,andA.C.C.Sips.Chapter1:Overviewandsummary.
NuclearFusion,47(6):S1,2007.
[33]LymanSpitzer.Thestelaratorconcept.ThePhysicsofFluids,
1(4):253–264,1958.
[34]Carlos Alejaldre, JoseJavier Alonso Gozalo, Jose Botija
Perez,FranciscoCastej´on Maga˜na,JoseRamonCeperoDiaz,
JoseGuaspPerez,A.Lopez-Fraguas,LuisGarc´ıa,VladimirI.
Krivenski, R. Mart´ın, A.P.Navarro, AngelPerea, Antonio
Rodriguez-Yunta,MarioSorolaAyza,andAntonioVarias.TJ-
IIproject: Aﬂexibleheliacstelarator. FusionTechnology,
17(1):131–139,1990.
[35] M.Bornatici,R.Cano,O.DeBarbieri,andF.Engelmann.Elec-
troncyclotronemissionandabsorptioninfusionplasmas.Nu-
clearFusion,23(9):1153,1983.
BIBLIOGRAPHY 149
[36]E.delaLuna,J.S´anchez,V.Tribaldos,andT.Estrada. Mul-
tichannelelectroncyclotronemissionradiometryinTJ-IIstel-
larator.ReviewofScientiﬁcInstruments,72(1):379–382,2001.
[37] M.A.Pedrosa, A.L´opez-S´anchez,C.Hidalgo, A. Montoro,
A. Gabriel,J. Encabo,J.dela Gama, L. M. Mart´ınez,
E.S´enchez,R.P´erez,andC.Sierra. Fastmovableremotely
controledLangmuirprobesystem.ReviewofScientiﬁcInstru-
ments,70(1):415–418,1999.
[38] MWanner,J.-HFeist,HRenner,JSapper,FSchauer,HSchnei-
der,VErckmann,andHNiedermeyer.Designandconstruction
of WENDELSTEIN7-X.FusionEngineeringandDesign,56-
57:155–162,2001.
[39]R.C. Wolf, A. Ali, A. Alonso, J. Baldzuhn, C. Beidler,
M.Beurskens, C.Biedermann, H.-S.Bosch,S.Bozhenkov,
R. Brakel, A. Dinklage, Y. Feng, G. Fuchert,J. Geiger,
O.Grulke,P.Helander, M.Hirsch,U.H¨ofel, M.Jakubowski,
J. Knauer, G. Kocsis, R. K¨onig,P. Kornejew, A. Kr¨amer-
Flecken, M.Krychowiak, M.Landreman,A.Langenberg,H.P.
Laqua,S.Lazerson,H.Maaßberg,S.Marsen,M.Marushchenko,
D. Moseev,H.Niemann,N.Pablant,E.Pasch, K.Rahbar-
nia, G.Schlisio,T.Stange,T.SunnPedersen,J.Svensson,
T.Szepesi,H.TriminoMora,Y.Turkin,T. Wauters,G. Weir,
U. Wenzel,T. Windisch, G. Wurden, D.Zhang,and W7-X
Team.MajorresultsfromtheﬁrstplasmacampaignoftheWen-
delstein7-Xstelarator.NuclearFusion,57(10):102020,2017.
[40]B.A.Carreras. Progressinanomaloustransportresearchin
toroidalmagneticconﬁnementdevices.IEEETransactionson
PlasmaScience,25(6):1281–1321,Dec1997.
[41]B.A.Carreras,B.vanMiligen,M.A.Pedrosa,R.Balb´ın,C.Hi-
dalgo,D.E.Newman,E.S´anchez,M.Frances,I.Garc´ıa-Cort´es,
J.Bleuel, M.Endler,S.Davies,andG.F. Matthews. Long-
rangetimecorrelationsinplasmaedgeturbulence.Phys.Rev.
Let.,80:4438–4441,May1998.
150 BIBLIOGRAPHY
[42]PerBak,ChaoTang,andKurt Wiesenfeld.Self-organizedcriti-
cality:Anexplanationofthe1/fnoise.Phys.Rev.Let.,59:381–
384,Jul1987.
[43]D.E.Newman,B.A.Carreras,P.H.Diamond,andT.S.
Hahm.Thedynamicsofmarginalityandselforganizedcritical-
ityasaparadigmforturbulenttransport.PhysicsofPlasmas,
3(5):1858–1866,1996.
[44]RSanchezandDENewman.Self-organizedcriticalityandthe
dynamicsofnear-marginalturbulenttransportinmagneticaly
conﬁnedfusionplasmas.PlasmaPhysicsandControledFusion,
57(12):123002,2015.
[45]E.J.Doyle, W.A.Houlberg,Y.Kamada,V.Mukhovatov,T.H.
Osborne,A.Polevoi,G.Bateman,J.W.Connor,J.G.Cordey,
T.Fujita, X. Garbet, T.S.Hahm,L.D.Horton, A.E.Hub-
bard,F.Imbeaux,F.Jenko,J.E.Kinsey,Y.Kishimoto,J.Li,
T.C.Luce,Y. Martin, M.Ossipenko,V.Parail,A.Peeters,
T.L.Rhodes,J.E.Rice,C.M.Roach,V.Rozhansky,F.Ryter,
G.Saibene,R.Sartori,A.C.C.Sips,J.A.Snipes,M.Sugihara,
E.J.Synakowski,H.Takenaga,T.Takizuka,K.Thomsen,M.R.
Wade,H.R. Wilson,ITPATransportPhysicsTopicalGroup,
ITPAConﬁnementDatabase, ModelingTopicalGroup,ITPA
Pedestal,andEdgeTopicalGroup.Chapter2:Plasmaconﬁne-
mentandtransport.NuclearFusion,47(6):S18,2007.
[46]F. Wagner,G.Becker,K.Behringer,D.Campbel,A.Eber-
hagen, W.Engelhardt,G.Fussmann,O.Gehre,J.Gernhardt,
G.v.Gierke,G.Haas, M.Huang,F.Karger, M.Keilhacker,
O.Kl¨uber,M.Kornherr,K.Lackner,G.Lisitano,G.G.Lister,
H. M. Mayer,D. Meisel,E.R. M¨uler,H. Murmann,H.Nie-
dermeyer, W.Poschenrieder, H.Rapp, H. R¨ohr,F.Schnei-
der,G.Siler,E.Speth,A.St¨abler,K.H.Steuer,G.Venus,
O.Volmer,andZ.Y¨u. Regimeofimprovedconﬁnementand
highbetainneutral-beam-heateddivertordischargesoftheAS-
DEXTokamak.Phys.Rev.Let.,49:1408–1412,Nov1982.
[47]H.Biglari,P.H.Diamond,andP. W.Terry. Inﬂuenceof
shearedpoloidalrotationonedgeturbulence.PhysicsofFlu-
idsB:PlasmaPhysics,2(1):1–4,1990.
BIBLIOGRAPHY 151
[48]P.W.Terry.Suppressionofturbulenceandtransportbysheared
ﬂow.Rev.Mod.Phys.,72:109–165,Jan2000.
[49]HZohm. Edgelocalizedmodes(ELMs).PlasmaPhysicsand
ControledFusion,38(2):105,1996.
[50]X.L.Zou,G.Giruzzi,J.F.Artaud,F.Bouquey,A.Cl´emen¸con,
C.Darbos,R.J.Dumont,C.Guivarch,M.Lennholm,R.Magne,
andJ.L.S´egui. ElectronheattransportandECRH modu-
lationexperimentsinToreSupratokamak.NuclearFusion,
43(11):1411,2003.
[51]K. W.Gentle, M.E.Austin,J.C.DeBoo,T.C.Luce,and
C.C.Petty. Electronenergytransportinferencesfrommodu-
latedelectroncyclotronheatinginDIII-D.PhysicsofPlasmas,
13(1):012311,2006.
[52]FImbeaux,FRyter,andXGarbet.ModelingofECHmodula-
tionexperimentsinASDEXUpgradewithanempiricalcritical
temperaturegradientlengthtransportmodel.PlasmaPhysics
andControledFusion,43(11):1503,2001.
[53]F.Ryter,C.Angioni,C.Giroud,A.G.Peeters,T.Biewer,R.Bi-
lato,E.Joﬀrin,T.Johnson,H.Leggate,E.Lerche,G.Madison,
P.Mantica,D.VanEester,I.Voitsekhovitch,andJETContrib-
utors.Simultaneousanalysisofionandelectronheattransport
bypowermodulationinJET.NuclearFusion,51(11):113016,
2011.
[54]U.Gasparino,V.Erckmann,H.J.Hartfuß,H. Maaßberg,and
M.Rom´e.Transportanalysisthroughheatwavesdrivenatdif-
ferentradialpositions.PlasmaPhysicsandControledFusion,
40(2):233,1998.
[55] M.SolerandJ.D.Calen. Onmeasuringtheelectronheatdif-
fusioncoeﬃcientinaTokamakfromsawtoothoscilationobser-
vations.NuclearFusion,19(6):703,1979.
[56]N.J.LopesCardozo. Perturbativetransportstudiesinfu-
sionplasmas.PlasmaPhysicsandControledFusion,37(8):799,
1995.
152 BIBLIOGRAPHY
[57]P.ManticaandF.Ryter.Perturbativestudiesofturbulenttrans-
portinfusionplasmas.ComptesRendusPhysique,7(6):634–
649,2006.
[58] MasaakiYamada,Russel Kulsrud,andHantaoJi. Magnetic
reconnection.Rev.Mod.Phys.,82:603–664,Mar2010.
[59]JohnM.GreeneandJohnL.Johnson.Determinationofhydro-
magneticequilibria.ThePhysicsofFluids,4(7):875–890,1961.
[60] M Wakatani.StelaratorandHeliotronDevices.OxfordUniver-
sityPress,1998.
[61]B.A.Carreras,L.Garc´ıa,andP.H.Diamond.Theoryofresis-
tivepressure-gradient-driventurbulence.ThePhysicsofFluids,
30(5):1388–1400,1987.
[62]B.A.Carreras,V.E.Lynch,andL.Garc´ıa. Electrondia-
magneticeﬀectsontheresistivepressure-gradient-driventurbu-
lenceandpoloidalﬂowgeneration.PhysicsofFluidsB:Plasma
Physics,3(6):1438–1444,1991.
[63]L.Garc´ıa,B.A.Carreras,V.E.Lynch, M.A.Pedrosa,and
C.Hidalgo. Shearedﬂowampliﬁcationbyvacuummagnetic
islandsinstelaratorplasmas.PhysicsofPlasmas,8(9):4111–
4119,2001.
[64]R.D.HazeltineandJ.D. Meiss.Plasmaconﬁnement. Dover
Publications,2003.
[65]J.F.DrakeandThomasM.Antonsen.Nonlinearreducedﬂuid
equationsfortoroidalplasmas.ThePhysicsofFluids,27(4):898–
908,1984.
[66]L.ACharlton,J.AHolmes,H.RHicks,V.ELynch,andB.ACar-
reras. Numericalcalculationsusingtheful MHDequationsin
toroidalgeometry.JournalofComputationalPhysics,63(1):107
–129,1986.
[67]L.Garcia,H.R.Hicks,B.A.Carreras,L.A.Charlton,andJ.A.
Holmes. 3Dnonlinear MHDcalculationsusingimplicitand
explicittimeintegrationschemes. JournalofComputational
Physics,65(2):253–272,1986.
BIBLIOGRAPHY 153
[68]ITeliban,DBlock,APiel,andFGreiner.Improvedconditional
averagingtechniqueforplasmaﬂuctuationdiagnostics.Plasma
PhysicsandControledFusion,49(4):485,2007.
[69]ThomasSchreiber. Measuringinformationtransfer.Phys.Rev.
Let.,85:461–464,Jul2000.
[70]C.W.J.Granger. Testingforcausality: Apersonalviewpoint.
JournalofEconomicDynamicsandControl,2:329–352,1980.
[71]N. Wiener.Thetheoryofprediction.ModernMathematicsfor
theEngineer. McGraw-Hil,NewYork,1956.
[72]RaulVicente, Michael Wibral, MichaelLindner,andGordon
Pipa.Transferentropy—amodel-freemeasureofeﬀectivecon-
nectivityfortheneurosciences.JournalofComputationalNeu-
roscience,30(1):45–67,Feb2011.
[73]SosukeItoandTakahiroSagawa. Maxwelsdemoninbiochem-
icalsignaltransductionwithfeedbackloop.NatureCommuni-
cations,6(7498),2015.
[74] M.Bauer,J. W.Cox,M.H.Caveness,J.J.Downs,andN.F.
Thornhil.Findingthedirectionofdisturbancepropagationina
chemicalprocessusingtransferentropy.IEEETransactionson
ControlSystemsTechnology,15(1):12–21,Jan2007.
[75]T.DimpﬂandF.Peter.Usingtransferentropytomeasurein-
formationﬂowsbetweenﬁnancialmarkets.StudiesinNonlinear
DynamicsandEconometrics,17(1):85–102,2013.
[76]B.Ph.van Miligen,G.Birkenmeier, M.Ramisch,T.Estrada,
C.Hidalgo,andA.Alonso.Causalitydetectionandturbulence
infusionplasmas.NuclearFusion,54(2):023011,2014.
[77]B.Ph.van Miligen,B.A.Carreras,L.Garc´ıa,A. Mart´ınde
Aguilera,C.Hidalgo,andJ.H.Nicolau. Thecausalrelation
betweenturbulentparticleﬂuxanddensitygradient.Physicsof
Plasmas,23(7):072307,2016.
154 BIBLIOGRAPHY
[78]A. Murari,E.Peluso, M.Gelfusa,L.Garzotti, D.Frigione,
M.Lungaroni,F.Pisano,P.Gaudio,andJETContributors.Ap-
plicationoftransferentropytocausalitydetectionandsynchro-
nizationexperimentsintokamaks.NuclearFusion,56(2):026006,
2016.
[79]C.E.Shannon.Amathematicaltheoryofcommunication.The
BelSystemTehcnicalJournal,27:623–656,1948.
[80]C.E.Shannon.Amathematicaltheoryofcommunication.SIG-
MOBILE Mob.Comput.Commun.Rev.,5(1):3–55,January
2001.
[81]TerryBossomaier,MichaelHarr´e,LionelBarnett,andJosephT.
Lizier.AnintroductiontoTransferEntropy(Informationﬂow
inComplexSystems).Springer,2016.
[82]StefanM.MoserandPo-NingChen.Astudent’sguidetocoding
andinformationitheory.CambridgeUniversityPress,2012.
[83] M.Tribus.AnengineerlooksatBayes.SeventhAnnual Work-
shop:MaximumEntropyandBayesianMethods.Springer,1987.
[84]HenryD.I.Abarbanel,ReggieBrown,JohnJ.Sidorowich,and
LevSh.Tsimring.Theanalysisofobservedchaoticdatainphys-
icalsystems.Rev.Mod.Phys.,65:1331–1392,Oct1993.
[85]AlfredJ.Lotka.Contributiontothetheoryofperiodicreactions.
TheJournalofPhysicalChemistry,14(3):271–274,1909.
[86]VitoVolterra.Variationsandﬂuctuationsofthenumberofin-
dividualsinanimalspecieslivingtogether. ICESJournalof
MarineScience,3(1):3–51,1928.
[87]S.Eguilior,F.Castej´on,E.delaLuna,A.Cappa,K-Likin,A-
Fern´andez,andTJ-IITeam. HeatwaveexperimentsonTJ-II
ﬂexibleheliac.PlasmaPhysicsandControledFusion,45(2):105,
2003.
[88]T.Happel, A.Ba˜n´on Navarro, G. D.Conway, C.Angioni,
M.Bernert,M.Dunne,E.Fable,B.Geiger,T.G¨orler,F.Jenko,
R. M. McDermott,F.Ryter,andU.Stroth. Coreturbulence
BIBLIOGRAPHY 155
behaviormovingfromion-temperature-gradientregimetowards
trapped-electron-moderegimeintheASDEXUpgradetokamak
andcomparisonwithgyrokineticsimulation.PhysicsofPlas-
mas,22(3):032503,2015.
[89]S.SattlerandH.J.Hartfuss. Experimentalevidenceforelec-
trontemperatureﬂuctuationsinthecoreplasmaofthe W7-AS
stelarator.Phys.Rev.Let.,72:653–656,Jan1994.
[90]P.A.Politzer. Observationofavalanchelikephenomenaina
magneticalyconﬁnedplasma. Phys.Rev.Let.,84:1192–1195,
Feb2000.
[91]N.B. Marushchenko,A.Dinklage,H.J.Hartfuss, M.Hirsch,
H.Maassberg,andYu.Turkin. OptimizationofECEdiagnos-
ticsforthe W7-Xstelarator.FusionScienceandTechnology,
50(3):395–402,2006.
[92]RalfK¨onigand W7-XTeam.Thesetofdiagnosticsfortheﬁrst
operationcampaignofthe Wendelstein7-Xstelarator.Journal
ofInstrumentation,10(10):P10002,2015.
[93]RaduBalescu.Aspectsofanomaloustransportinplasmas.In-
stituteofPhysicsPublishing(GB),2005.
[94]G.M.D.Hogeweij, N.J.LopesCardozo, M.R.DeBaar,and
A.M.R.Schilham. Amodelforelectrontransportbarriersin
tokamaks,testedagainstexperimentaldatafromrtp.Nuclear
Fusion,38(12):1881,1998.
[95]A MRSchilham,G MDHogeweij,andNJLopesCardozo.
ElectronthermaltransportbarriersinRTP:experimentand
modeling.PlasmaPhysicsandControledFusion,43(12):1699,
2001.
[96]C.Caso,G.Conforto,A.Gurtu,M.Aguilar-Benitez,C.Amsler,
R.M.Barnett,P.R.Burchat,C.D.Carone,O.Dahl,M.Doser,
S.Eidelman,J.L.Feng, M.Goodman,C.Grab,D.E.Groom,
K.Hagiwara,K.G.Hayes,J.J.Hern´andez,K.Hikasa,K.Hon-
scheid,F.James, M.L. Mangano,A.V. Manohar,K. M¨onig,
H.Murayama,K.Nakamura,K.A.Olive,A.Piepke,M.Roos,
R.H.Schindler,R.E.Shrock, M.Tanabashi,N.A.T¨ornqvist,
156 BIBLIOGRAPHY
T.G.Trippe,P.Vogel,C.G. Wohl,R.L. Workman,and W.-M.
Yao.ParticleDataGroup.Reviewofparticlephysics.TheEu-
ropeanPhysicalJournalC,3:1–794,1998.
[97]B.A.Carreras,V.E.Lynch,L.Garc´ıa,andP.H.Diamond.Re-
sistivepressure-gradient-driventurbulencewithself-consistent
ﬂowproﬁleevolution. PhysicsofFluidsB:PlasmaPhysics,
5(5):1491–1505,1993.
[98]K.C.ShaingandE.C.Crume.Bifurcationtheoryofpoloidal
rotationintokamaks:AmodelforL-Htransition.Phys.Rev.
Let.,63:2369–2372,Nov1989.
[99]P.H.Diamond,Y.-M.Liang,B.A.Carreras,andP. W.Terry.
Self-regulatingshearﬂowturbulence:AparadigmfortheLto
Htransition.Phys.Rev.Let.,72:2565–2568,Apr1994.
[100]F.Medina,M.A.Pedrosa,M.A.Ochando,L.Rodr´ıguez,C.Hi-
dalgo,A.L.Fraguas,B.A.Carreras,andtheTJ-IITeam.Fil-
amentarycurrentdetectioninstelaratorplasmas. Reviewof
ScientiﬁcInstruments,72(1):471–474,2001.
[101]D.Carralero,E.delaCal,J.L.dePablos, A.deConinck,
J.A.Alonso,C.Hidalgo,B.Ph.vanMiligen,andM.A.Pedrosa.
Turbulencestudiesbyfastcameraimagingexperimentsinthe
TJ-IIstelarator. JournalofNuclearMaterials,390-391:457–
460,2009.Proceedingsofthe18thInternationalConferenceon
Plasma-SurfaceInteractionsinControledFusionDevice.
[102]EdelaCal,PSemwal,AMart´ınAguilera,BvanMiligen,JL
dePablos,ZKhan,andCHidalgo. Doubleimagingwithan
intensiﬁedvisiblefastcameratovisualizetheﬁnestructureof
turbulentcoherentplasmastructures(blobs)inTJ-II.Plasma
PhysicsandControledFusion,56(10):105003,2014.
[103]B.Ph.van Miligen,A.LopezFraguas, M.A.Pedrosa,C.Hi-
dalgo,A. Mart´ındeAguilera,andE.Ascas´ıbar. Paraleland
perpendicularturbulencecorrelationlengthintheTJ-IIstel-
larator.NuclearFusion,53(9):093025,2013.
BIBLIOGRAPHY 157
[104]Benjam´ınACarreras,IreneLlerenaRodr´ıguez,andLuisGarc´ıa.
Atopologicalanalysisofplasmaﬂowstructures. Journalof
PhysicsA:MathematicalandTheoretical,46(37):375501,2013.
[105]D.A.D’Ippolito,J.R. Myra,andS.J.Zweben. Convective
transportbyintermittentblob-ﬁlaments:Comparisonoftheory
andexperiment.PhysicsofPlasmas,18(6):060501,2011.
[106]G. Kocsis, A. Alonso, C. Biedermann, G. Cseh, A. Din-
klage, M.Jakubowski, R. K¨onig, M. Krychowiak, M. Otte,
T.SunnPedersen,T.Szepesi,andS.Zoletnik.Investigationof
edgeﬁlamentdynamicsin W7-Xlimiterplasmas.In43rdEPS
ConferenceonPlasmaPhysics,pageP4.003,Leuven,Belgium,
2017.EuropeanPhysicalSociety.
